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ABSTRACT

This Final Scientific Report describes research at the UTK Plasma Science
Laboratory which was supported by the Air Force Office of Scientific Research, contract
AFOSR #89-0319, with Dr. Robert J. Barker, Program Manager. Eight archival scientific
papers were published, 19 oral or poster conference papers were presented at the annual
APS and IEEE plasma meetings, and one patent was obtained and two additional patents
were filed for. This contract also supported three graduate theses, including partial support
for one Ph.D. dissertation, and two Master of Science in Electrical Engineering theses.
This contract additionally supported approximately eight person-years of half time GRA
research and training, and the preparation of nine routine reports to the Air Force. This
contract also supported Professor Shenggang Liu, UTK’s first Visiting Distinguished
Professor, for a period of one year.

The contract has supported several major research activities. These include: 1)
The writing up for archival publication results from the previous Air Force contract,
relating to plasma turbulence and plasma heating by collisional magnetic pumping; 2)
Theoretical, computational, and experimental investigation of the interaction of microwave
radiation with cylindrical plasmas, particularly in the vicinity of the electron cyclotron
frequency; 3) investigation of cyclotron damping near the electron gyrofrequency of
magnetized plasmas, as a method for plasma cloaking of earth satellites and spacecr.ft, 4)
development of a parallel plate one atmosphere glow discharge plasma reactor, allowing the
production of a uniform plasma at one atmosphere; and 5) development of a method for
covering the surface of an aircraft or other body in the atmosphere with a thin layer of

plasma for cloaking or boundary layer control.




EXECUTIVE SUMMARY

This Final Scientific Report describes a recently completed five year program of research at
the University of Tennessee’s Plasma Science Laboratory, which is located on the
Knoxville campus, and affiliated with the Electrical and Computer Engineering Department.
Our laboratory specializes in the experimental investigation of interactions between electro-
magnetic radiation and plasma; and in research on electric field dominated steady state
plasmas, both magnetized and unmagnetized. In the last three years covered by this report,
we have expanded our interest in the latter topic to include the generation and study of
unmagnetized uniform glow discharge plasmas operating at one atmosphere of pressure in
air and other gases. These electric field dominated plasmas exhibit several characteristics
which make them interesting for potential Air Force applications: very high levels of
plasma turbulence; broad-band radio frequency emission; ability to strongly absorb incident
electromagnetic radiation near the electron cyclotron frequency; and the ability to maintain a
uniform glow discharge plasma on the surface of an aircraft or other body in the
atmosphere with a power input density on the order of 10 milliwatts/cubic centimeter.

The research described in this report was supported entirely or in part by the Air
Force Office of Scientific Research, contract AFOSR 89-0319, of which Dr. Robert J.
Barker, AFOSR/NP, is the program manager. Also, one patent on magnetized plasma
cloaking of spacecraft and earth satellites was applied for, granted, and assigned to the
Secretary of the Air Force, and two additional patents have been disclosed and filed, which
the Air Force will have the right to use without the payment of royalties, as a result of its
support of the research. This contract also supported three graduate theses, and eight
person-years of half-time GRA research and training, which included one Ph.D.

dissertation and two Master’s theses for the degree of Master of Science in Electrical
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Engineering. This contract also supported the preparation of 9 routine reports to the Air
Force.

The technical accomplishments of this contract have included a patented method for
plasma cloaking of satellites and space vehicles, a method for generating a uniform glow
discharge plasma in one atmosphere of air, and a method to generate a thin layer of plasma
on the surface of aircraft at one atmosphere, also in air. The latter is a very recent
accomplishment. Since the end of this contract period, we have demonstrated that the thin
layer of plasma generated on the surface of a simulated aircraft fuselage will not blow away
under the action of an air jet of modest velocity from the laboratory air supply. These
accomplishments may have direct and far-ranging applications for the Air Force, including
plasma cloaking of military targets and drag reduction by electrostatic boundary layer
control. In addition, the one atmosphere uniform glow discharge plasma is potentially
useful for a wide range of industrial plasma surface treatment processes which require
active species from a plasma, but are uneconomic when the surface treatment must be
accomplished in expensive vacuum systems at low pressure, and with batch processing.
There has been intense industrial interest in licensing related technologies made possible by
the one atmosphere uniform glow discharge plasma, and the University of Tennessee’s

Research Corporation (UTRC) is now negotiating with several Fortune-500 companies.




RESULTS OF RESEARCH PROGRAM

In this section we wil! briefly summarize, in the approximate order in which the
research was performed, the results of major research efforts made during the five year
duration of this research program. In each case, the results will not be described in detail,
but the reader wil be referred to the archival and conference abstracts, included in the

appendices, in which more detail can be found.

Previous Research Funded by AFOSR

Our previous contract AFOSR-86-0100 supported research on plasma turbulence
and collisional magnetic pumping, the winding-up and documentation phases of which
were carried over into the current research program. Some new and interesting results
were obtained from the application of a commercial software program based on chaos
theory to electrostatic plasma turbulence. This work formed the basis of Mr. Scott A.
Stafford’s Master’ thesis, and was published in paper #4 appearing in Appendix A, in the
Journal of Applied Physics. Some experimental results on plasma heating by collisional
magnetic pumping in a modified Penning discharge were presented at conferences, the
abstracts of which are in items #1 and 4 in Appendix B, and in two archival papers in the
Physics of Fluids which are papers #2 and 3 included in Appendix A. These papers both
indicated a measurable effect of collisional magnetic pumping in increasing the plasma

electron temperature by an amount predicted by .he theoretical and computational resuits

published in the Physics of Fluids.

Interaction of Electromagnetic Waves with Plasmas
During the first three years of this research program, our efforts were focused
primarily on the interaction of electromagnetic radiation with a magnetized plasma in the

vicinity of the electron cyclotron frequency. This regime was considered interesting




because of its potential application to magnetized plasma cloaking, in which a magnetized
plasma absorbs very strongly in the vicinity of the electron cyclotron frequency. Such
absorption can be used to protect a military target against radar interrogation or directed
microwave energy weapons. We used our microwave network analyzer, a very expensive
and specialized piece of equipment which was purchascd in the mid 1980’s with AFOSR
University Research Instrumentation funds, to measure the attenuation across the diameter
of a Penning discharge plasma. As expected, very strong absorption was observed. A
plasma about 12 centimeters in diameter, with number densities in the high 109 particles
per cubic centimeter range, was capable of providing up to 40 dB of attenuation near the
electron cyclotron frequency. Some computational and analytical studies of this interaction
were made by Dr. Mounir Laroussi, and published in papers #5 and 7 included in
Appendix A. Other analytical and computational work on this problem were reported in
conference presentations, the abstracts of which are included as items 10 and 13 in
Appendix B. Experimental measurements of the interaction of microwave radiation with
our magnetized plasma were reported in conference publications, the abstracts of which are

included in Appendix B as items #2, 5, 6, ana 13.

Magnetized Plasma Cloaking

The large attenuation observed near the electron cyclotron frequency in a
magnetized plasma indicated that this physical process could be used for plasma cloaking of
spacecraft and earth satellites, which operate in a vacuvm, or in an environment in which a
magnetized plasma could be maintained around the target. A United States patent on this
concept was applied for, and granted in January, 1991. A copy of this patent is
included in Appendix C as item 1. This concept is based on the operation of a target
vehicle, whether a spacecraft or a earth satellite, in a vacuum environment. The vehicle

would carry on board a superconducting magnetic field coil capable of generating a dipolar




magnetic field strong enough to trap a plasma. The electrons in the plasma would resonate
with the electromagnetic radiation incident on the target at the local electron cyclotron
frequency, and the radiation would be absorbed at that point. The magniwude of the dipolar
magnetic field would be adjusted in such a way that all likely probing frequencies would be

covered as electromagnetic radiation propagated toward the surface of the vehicle.

Development of a Notch Microwave Filter

While associated with the UTK Plasma Science Laboratory, Dr. Mounir Laroussi
independently conceived the idea of using electron cyclotron resonance in magnetized
plasmas as a basis for a tunable notch filter of microwave radiation. This invention was
described in a conference paper, the abstract of which is listed as item 15 in Appendix B,
and also in an archival journal article which appeared in the Journal of Infrared and
Millimeter Waves, which is included as item 6 in Appendix A.

This concept is based on inserting a magnetized plasma in a microwave waveguide,
or in a microwave circuit, and adjusting the notched absorption frequency by altering the
parallel magnetic field in the plasma-filled microwave cavity. Absorption occurs at the
electron gyrofrequency. An attempt was made to apply for a patent for this idea, but the
University of Tennessee’s Research Corporation declined to apoly for such a patent on
grounds that the concept did not appear to possess sufficicnt commercial licensing

potential.

Microwave Tube Theory

We were extremely fortunate to have Dr. Liu, Shenggang, President of the
University of Electronic Science and Technology in Chengdu, China as a Distinguished
Visiting Professor. While here, he gave an excellent graduate course on microwave tube
theory, and had time to write papers on microwave tube theory, inclucing one with the

Principal Investigator. Abstracts of the four conference papers which Professor Liu gave




while in the United States are included in Appendix B as items 7, 8, 11, 12. The abstract
of a fifth conference paper, which extended some previous work done for the Air Force by
the Principal Investigator in the early 1980’s, is included in item #9 in Appendix B. This
paper describes the relativistic theory of the two interpenetrating beam-plasma interaction.
This paper carried the previous work of Prof. Igor Alexeff and the Principal Investigator

into the relativistic charged particle regime.

Generation of a Uniform Glow Discharge Plasma at One Atmosphere

One of the limitations of the magnetized plasma cloaking concept described
previously is that there appears to be no obvious way in which that approach could be
applied to aircraft in the atmosphere. To have any kind of plasma cloaking in the
atmosphere, one must generate a uniform glow discharge plasma over the surface of the
aircraft in atmospheric air. The generation of corona discharges and filamentary
discharges at one atmosphere of pressure in air is well known, but there was no well-
known way to generate a uniform glow discharge plasma under these conditions at the time
that we started cur research program with this objective in the summer of 1991.

For reasons that are outlined in the ball lightning preprint which is included as item
8 in Appendix A, (this paper has been accepted for publication in the Journal Fusion
Technology), the Principal Investigator recognized that ball lightning was a real natural
phenomenon, even though no one has yet been able to understand it well enough to
reproducibly generate ball lightning in the laboratory for scientific study. Ball lightning,
among other things, is a glow discharge plasma, which has been observed to last for
durations as long as 90 seconds in air at one atmosphere. This phenomenon gives some
encouraging indication that it should be possible to generate a uniform glow discharge
plasma at one atmosphere, and perhaps even on the surface of aircraft to provide plasma

cloaking.




We began a research program with this objective in the summer of 1991, and in
January, 1992 achieved our first uniform glow discharge in helium gas at one atmosphere.
This plasma is shown in Figure 1. These results were reported at the IEEE and APS
plasma meetings, and the abstracts of these papers are included as items 14, 16, 17, and 18
of Appendix B. The industrial and military applications of this one atmosphere glow
discharge are so far-reaching that, while we have presented our results at meetings (after
filing patent applications), we have been too busy writing up patent disclosures to get these
results written up for the archival literature as yet. We intend to get them well-documented
in the archival literature in the future. Because of this delay in publication, I have included
more background on the uniform glow discharge plasma in this report than the other
accomplishments mentioned above which are represented only by their archival
publications and by their abstracts.

The generation of plasma at one atmosphere is not a recent development. Electrical
arcs have been used at one atmosphere since the early 19th Century for various industrial
processes, as has the more recently developed plasma torch (ref. 6, 7). The generation of
low power density plasmas at one atmosphere also is not new. Filamentary discharges
between parallel plates in air at one atmosphere have been used in Europe to generate ozone
in large quantities for the treatment of public water supplies since the late 19th century.
Such filamentary discharges, while useful for ozone production, are of limited utility
because of their nonuniformity, since the plasma filaments tend to puncture exposed
materials or the electrode surface insulation, or lead to arcs. The properties of a glow
discharge plasma at high pressures, including one atmosphere in air and hydrogen, was
reported by von Engel et al. in 1933 (Ref. 8). These discharges were initiated at low
pressure (thus requiring a vacuum system), required temperature control of the electrodes,
and appear too unstable for routine industrial use. More recently, a group affiliated with

Sofia University in Japan (refs. 9-11) has reported the generation of both filamentary and







steady state glow discharge plasmas at one atmosphere of pressure in gases which include
helium and argon with an admixture of acetone, but not atmospheric air. Similar work later
originated independently in the UTK Plasma Science Laboratory at the University of
Tennessee in Knoxville (refs. 1-5).

The "MOD-I" one atmosphere glow discharge plasma reactor was developed at the
UTK Plasma Science Laboratory with AFOSR support (refs. 1-3), and is shown in Figure
1. This reactor consists of two 25 cm square, water-cooled copper plates covered with
approximately 1 mm of the tough, rubberized material used on the wails of electroplating
baths. The approximately 2.0 liter helium plasma shown in Figure 1 was energized at 30
kHz.

A schematic of the "MOD-II" one atmosphere glow discharge plasma reactor
system developed at the UTK Plasma Science Laboratory is shown in Figure 2. The reactor
volume is bounded by two plane, parallel plates across which an RF electric field is
imposed. This voltage has an amplitude of kilovolts per centimeter, and frequencies in the
kilohertz range. The electric fields must be strong enough to electrically break down the
gas used, and are much lower for helium and argon than for atmospheric air. The RF
frequency must be in the right range, discussed below, since if it is too low, the discharge
will not initiate, and if it is too high, the plasma forms filamentary discharges between the
plates. Only in a relatively limited frequency band will the atmospheric glow discharge
plasma reactor form a uniform plasma without filamentary discharges.

The parallel electrode plates consitituting the reactor are enclosed in a plexiglass
container, shown in the photographs of Figure 3. The principal function of this container
is to control the composition of the operating gas used during operation at one atmosphere,
and to act as a barrier to toxic gases, such as ozone. As indicated in Figure 2, the reactor
has a metal median screen, which may be grounded through a current choke, located

midway between the two parallel electrode plates. The top and bottom half of the box in

10
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the MOD-II reactor are divided by a horizontal partition which supports the metal screen
and bisects the volume of space defined by the two parallel plates. The holes in the metal
screen provide the only route by which gas fed into the top half of the chamber can flow to
the bottom half. This flow of gas through the experimental volume is intended to enhance
the contact of active species from the plasma with the surface exposed on the midplane
screen, and to make the plasma more stable and uniform.

The two parallel electrode plates shown on Figure 2 are driven by a power amplifier
capable of operation from 0 to 10 kilovolts RMS, over frequencies from less than one kHz
to 100 kHz. This amplifier is capable of producing 5 kW of RF power, far beyond the
requirements of the test plasma, which rarely exceed 100 watts. The supply gas is sampled
from the exhaust line and leaked into a vacuum system with a mass spectrometer. The two
copper electrode plates of the MOD-II reactor are 21.6 cm square, and the surfaces in
contact with the plasma are covered with a 3.2 mm thick Pyrex insulating plate. The
median screen is an uninsulated electrical conductor, and may be grounded or allowed to
float electrically. Operating the plasma reactor with the median screen grounded (either
directly or through a current choke) makes it possible to reduce the maximum voltage in the
plasma reactor chamber to half that which would otherwise be required if one of the two
electrode plates were grounded. In addition, keeping the median screen at ground potential
also allows treated materials to remain at ground potential.

Figure 3a shows a photograph of the MOD-II one atmosphere glow discharge
plasma reactor system as it is currently set up in the UTK Plasma Science Laboratory. This
photograph shows, from left to right, the RF power amplifier and power supply; the chiller
for the cold trap; the mass spectrometer system and vacuum system for analysis of the gas
composition in the one atmosphere glow discharge plasma; the gas flow monitoring and
control panel; and the one atmosphere glow discharge plasma reactor. The equipment rack

containing the oscilloscope, signal generator, and other diagnostic equipment is out of sight
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beyond the RF power amplifier to the far left. Figure 3b shows a photograph of the plasma
reactor chamber, with the two electrodes occupying the center of the chamber volume to the
right, and the gas flow and monitoring panel on the left. The plexiglass cover nearest the
camera may be removed for installation and removal of individual samples of treated
materials. Figure 3c shows the back aspect of the plasma reactor chamber, with the
impedance matching network and current choke in the box to the lower right.

Figure 4 is a photograph of the glow discharge plasma reactor with the electrode
plates withdrawn to shown the Pyrex glass covers of the electrode plates, and the metal
screen in the median plane between the electrodes.

Figure 5a shows the uniform plasma created in the one atmosphere glow discharge
plasma reactor using one atmosphere of helium gas. The line running horizontally through
the center of the plasma is the plexiglass support in the median plane, which contains the
metal screen. In this photograph, helium gas flows from the upper chamber downward
through the plasma and median plane, then to the lower chamber where it is drawn out by a
blower which maintains a slight negative pressure. The gas flow through the plasma is
driven by a pressure differential of a few hundred pascals (a few inches of water). The
plasma in Figure 5a was generated with an RF voltage of 3 kV RMS, an RF frequency of
3.0 kHz, and a plate separation of d = 1.27 cm, which produces a uniform plasma. Figure
5b shows a close-up of the plasma reactor operating with helium in the uniform discharge
regime under the same conditions as 5a, but with a voltage of 2.3 kV RMS.

Figure 6 shows the one atmosphere glow discharge plasma reactor operating at the
same voltage and other conditions as Figure Sa, but at a higher frequency of 8.0 KHz,
which produces a filamentary discharge. Such filamentary discharges are useful as
ozonizers and for other plasma-chemical applications, but they are not desirable for the

surface treatment of materials, since they treat the sample materials nonuniformly, and their
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attachment points on the grounded screen in the median plane may produce small holes or
pits in or or the treated material.

The plasma diagnostics utilized thus far include a mass spectrometer, which draws
a sample from the exhaust gas of the plasma reactor through a needle valve and into a
vacuum system, where the gas composition is monitored by a quadrupole mass
spectrometer. Additional diagnostics include monitoring the floating potential of the
median screen, the power and power density absorbed by the plasma, and monitoring the
voltage and current waveforms on the electrodes with a digital oscilloscope.

The electric fields normally employed in the one atmosphere glow discharge plasma
reactor are only a few kilovolts per centimeter, values usually too low to electrically break
down the background gas. Gases such as helium and argon will break down under such
low electric fields, however, if the positive ion population is trapped between the two
parallel plates, shown in Figure 7, while at the same time the electrons are free to travel to
the insulated electrode plates where they recombine or build up a surface charge. The most
desirable uniform one atmosphere glow discharge plasma is therefore created when the
applied frequency of the RF electric field is high enough to trap the ions between the
median screen and an electrode plate, but not so high that the electrons are also trapped.

If the RF frequency is so low that both the ions and the electrons can reach the
boundaries and recombine, the plasma will either not initiate or form a few coarse
filamentary discharges between the plates. If the applied frequency is in a narrow band in
which the ions oscillate between the median screen and an electrode plate, they do not have
time to reach either boundary during a half period of oscillation. If the more mobile
electrons are still able to leave the plasma volume and impinge on the boundary surfaces,
then the desirable uniform plasma is produced. If the applied RF frequency is still higher
so that both electrons and ions are trapped in the discharge, then the discharge forms the

filamentary plasma illustrated in Figure 6. A patent disclosure for the one atmosphere
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uniform glow discharge plasma reactor has been written and filed with the U.S. Patent
Office. The original version of this patent filing is included as item 2 in Appendix C. That
patent disclosure contains a quantitative theory of the ion trapping mechanism discussed
above, and other information about the many possible variations of the parallel plate one

atmosphere uniform glow discharge plasma reactor.

G r Pl The Surf { Ai ft

After producing a uniform one atmosphere glow discharge plasma in a parallel plate
configuration in gases ranging from helium to air, it was desirable to get from the parallel
plate configuration to one which could arguably be installed on the surface of aircraft. As
an intermediate step between these two configurations, we tested a number of geometrical
configurations, including the two parallel insulated rods shown in Figure 8. These two
rods generated a plasma between them in helium gas when the rods were energized with
several kilovolts rms of RF at frequencies of several kilohertz. The plasma generated
between the two rods was approximately 14 centimeters long, and the gap between the rods
was approximately one centimeter. The experiment of Figure 8, and similar experiments,
led us to expect that if we installed a series of strip electrodes on the insulated surface of an
aircraft or solid body, that the ions might be trapped along the arched electric field lines
between the individual electrodes, thus generating a plasma above a planar surface. We
tested this approach by wrapping two bifilar helical wires around a two inch diameter
cylinder, and energizing the adjacent wires with opposite RF phase. Figure 9 shows one
of our first experiments of this kind. A very thin layer of plasma is generated on the
surface of the cylinder covered with these wires. The blob of material running along the
axis is some epoxy that was used to hold the wire coil in place. The cylindrical plasma
generated in Figure 9 was in helium gas at one atmosphere, with an excitation frequency of

2 kilohertz, and an excitation voltage of two to three kilovolts rms.
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Upon achieving the results photographed in Figure 9, the Principal Investigator
wrote up a patent disclosure for this method of generating a plasma on the surface of
aircraft or other bodies in the atmosphere, and that disclosure has been filed with the U.S.
Patent Office on June 6, 1994. A preliminary copy of this patent filing is included as item
3 in Appendix C of this report. This document has a great deal more information about
operating conditions and range of performance for this concept. This work also was
reported at a plasma conference in June, 1994. Item 19 of Appendix B contains the

abstract of that poster paper.

Plasma-Based Boundary Layer Control and Drag Reduction for Aircraft
Once a plasma has been generated on the surface of an aircraft or other body in the
atmosphere using the RF electric field ion trapping mechanism discussed above, the
presence of an electrodynamic body force on the plasma provides a mechanism with which
one might achieve boundary layer control. It might be possible to achieve acceleration or
deceleration of the boundary layer, or to prevent the formation of turbulent vortices and
vortex shedding from the trailing edge of aecrodynamic bodies. If one considers Figure 9,
and imagines that the surface of an aircraft is covered by a series of parallel electrode strips
at right angles to the flow velocity, then perhaps instead of operating the alternate strips
exactly in phase with one another, one can arrange to sequence the application of the RF
electric fields in such a way that a peristaltic wave propagates normal to the electrode strips
along the surface of the plasma, much like the sequenced lights on a theater marquee. The
velocity of this propagating wave can be adjusted by changing the relative phase of the
signal applied to alternate electrode strips; the propagating electric field should drag with it
the plasma layer and the fluid dynamic boundary layer with which it will interact on the
surface of the body. This then may provide a mechanism by which the boundary layer can

be accelerated, decelerated, and maintained in a laminar state during the process.
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We have generated such a surface plasma not only in helium (shown in Figure 9),
but also in air. The plasma surrounding the cylinder in air has not been blown away by a
relatively low velocity jet of gas from the laboratory air supply. This method of
aecrodynamic boundary layer control was put forward in a paper the abstract of which is
listed as item 19 in Appendix B, and it was also included in the patent filing which is

included as item 3 in Appendix C.
POTENTIAL UTILITY OF RESEARCH TO THE AIR FORCE

The research described in the previous section has several potential Air Force
applications, including the plasma cloaking of military radar targets, covering aircraft with
plasma in the atmosphere, and plasma-based boundary layer control and drag reduction for
aircraft. The range of some of these applications is discussed at length in the claims to the
three patents and patent filings included in Appendix C, but they will be reviewed briefly

here.

Magnetized Plasma Cloaking

Magnetized plasma cloaking for military radar and directed microwave energy
targets was an outgrowth of our research on the interaction of electromagnetic radiation
with magnetized plasmas, which led to the concept described in U.S. Patent #4,989,006.
This concept will work only when it is possible to surround the target with a magnetized
plasma, such as a dipolar magnetic field. This would appear to rule out operation within
the atmosphere and restrict its application to protecting earth satellites and space vehicles
against radar probing, radar guided missiles, and possibly directed microwave energy
weapons. According to Mr. William Auton, the Air Force patent lawyer, he was not aware
of any patent like it in the entire field of electronic warfare, and, in the event, it went

through the U.S. Patent Office in less than 15 months, presumably because of its novelty.
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Covering Aircraft with A Plasma Layer

The technology disclosed in the patent application included as item #3 in Appendix
C may have stealth implications, if the plasma layer can be made thick enough, or have the
right properties to absorb incoming radar pulses. The disclosed method of generating a
plasma on the surface of an aircraft has a number of potential advantages. One is that the
required power density is not large. A uniform glow discharge plasma in air requires only
power inputs on the order of 10 to perhaps hundreds of milliwatts per cubic centimeter
under the conditions for which they have been operated in our laboratory. Secondly, the
method of generating the plasma with strip electrodes of various configurations is one that
might be retrcfitted to existing aircraft, simply by coating them with an insulating layer, and
imbedding on the outer surface of this layer the strip electrodes which are required to
generate the plasma. One of our future research topics is going to be to irradiate this
plasma layer at one atmosphere and see what degree of attenuation is experienced by
electromagnetic radiation reflected off it. Its behavior will not be the same as that which
we observe at low pressures (in the experiments described above on the interaction of
electromagnetic radiation with low pressure plasmas) since, at one atmosphere, the electron
collision frequencies are on the order of gigahertz, and there is little opportunity for
cyclotron damping to occur near the electron cyclotron frequency. On the other hand, the
very high electron collision frequencies may lead to much higher levels of attenuation than

are experienced by low pressure, less collisional plasmas.

Plasma-Based Boundary Layer Control and Drag Reduction

If the electrodynamic body force on the plasma and on the boundary layer is
sufficiently strong, there is a good possibility that by phasing the voltage applied to strip
electrodes on the surface of an aircraft, one can accelerate, decelerate, and otherwise

manipulate the boundary layer flowing over the surface of an aircraft in flight. We have
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already observed in the laboratory that the plasma surface layer generated in the way
discussed above and shown in Figure 9 does not blow away when a gas jet of modest
velocity is directed on it from the laboratory air supply. We do not have a wind tunnel
available to us in the UTK Plasma Science Laboratory, and I hope to interest someone at
the NASA Lewis Research Center, Wright-Patterson AFB, or perhaps at the University of
Tennessee’s Space Institute in Tullahoma, in collaborating with me on a series of
measurements to see whether a phased operation of these electric fields on the surface of an
aerodynamic body will alter the drag coefficient and permit boundary layer control.

One of the most exciting possibilities which such electrodynamic boundary layer
control opens up, is the possibility of imitating on the surface of aircraft the boundary layer
control which allows dolphins in the ocean to swim at velocities of more than 50 miles an
hour, while exerting no more than a few horsepower of power output. The ability of
dolphins and other marine mammals to swim so swiftly with so little power input has been
of interest to the U.S. Navy for a long time. Research on this phenomenon appears to
show that the dolphins do this by twitching their skin in such a way as to discourage the
formation of turbulent vortices and turbulence which leads to drag and power dissipation.
If something similar could be done to the plasma boundary layer surrounding an aircraft,

very large reductions in drag and motive power might be possible.
RESULTS OF OTHER CONTRACT ACTIVITIES

Development of The UTK Plasma Science Laboratory

During the five year period covered by this report, a major parallel contract with the
Office of Naval Research was terminated at the beginning of this five year period. The
UTK Plasma Science Laboratory began a transition from basic research oriented to the
Department of Defense, to the general field of industrial plasma engineering, and basic and

applied research in the field of industrial plasmas. In aid of this transition, the UTK
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Plasma Science Laboratory held a three and a half year research contract with the Army
Research Office, which terminated at the end of September, 1993 and which allowed us to
develop the UTK Microwave Plasma Facility, and the ability to implant metals with
nitrogen ions using plasma ion implantation. At present, the UTK Plasma Science
Laboratory is one of no more than four or five university laboratories in the United States
which can do plasma ion implantation, and it is probably the only one whose research
program in this area is aimed specifically at improving the corrosion resistance of metals,
rather than improving their hardness and wear characteristics, which is also an outcome of
plasma ion implantation.

The one atmosphere glow discharge plasma reactor is of interest to industrial
organizations within which the surface treatment of materials and other plasma processing
applications have been held back by the requirement for the purchase and operation of
vacuum systems, and the batch processing which vacuum systems make necessary. With a
uniform one atmosphere glow discharge plasma like that shown in Figure 1 or Figure 8, it
is possible to treat the surface of materials at one atmosphere in a continuous way, and

much more cheaply than processing applications that require vacuum systems.

SUPPORT OF GRADUATE STUDY AND RESEARCH AT UTK

During the five year history of this contract, 8 person-years of GRA time were
supported. Also during that five year period, three students received their degrees from
UTK, some of which were in the pipeline when the contract started. Abstracts of the

theses and dissertation of these students are included in Appendix E.
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PUBLICATIONS AND INTERACTIONS WITH
OTHER RESEARCH PROGRAMS
Archival Publications
During the five year history of this research program, eight archival papers were
published in journals, and reprints or preprints of these are included in Appendix A. These
cover the range of activities researched during this five year period, except for the one
atmosphere uniform glow discharge plasma, which is sufficiently new that archival papers

have not yet been written and published.

Patents

The novelty and wide potential range of industrial applications of the uniform glow
discharge reactor technology has made it advisable to seek patents for the basic ideas
behind generating the one atmosphere glow discharge reactor plasma, and also for the basic
ideas behind the use of the one atmosphere glow discharge plasma for acrodynamic
boundary layer control and drag reduction. The patent disclosures on these topics have
been filed with the U.S. Patent Office, and copies of them are included in Appendix C.
The patent on the magnetized plasma cloaking concept for earth satellites and spacecraft

also has been written up, has been granted, and is included also in Appendix C.

Conference Presentations

During the five year history of this contract, we have had at least one paper at each
IEEE and APS plasma meeting, most of which have been progress reports on our work at
the time of the meeting. The abstracts for these conference presentations are included in
Appendix B, and copies of the poster materials to which these abstracts refer have been
included for the most part in previous annual reports that are listed in Table 1 of the

introduction. During the period covered by this contract, we have given eighteen

31




conference presentations, many of which attracted a great deal of interest at the meetings

with, in some cases, more than fifty reprint requests for copies of our post=r materials.

Media Coverage
During the five year history of this contract, the media have covered our activities
Most of this conference has been in the Knoxville area or the university community.

Clippings from the media coverage are included as Appendix D.

Support of Visiting Scholars

We have been very fortunate to have Prof. Liu, Shenggang with us during the
academic year 1990-1991. He was UTK'’s first Visiting Distinguished Professor, and
contributed substantially to the intellectual life of the University and the UTK Plasma
Science Laboratory. Prof. Igor Alexeff and the Principal Investigator as well as our
graduate students sat in on his two semester course on microwave tube theory, which was
a remarkably complete and clear coverage of the subject of microwave tubes, including a
number of configurations that were the invention of Prof. Liu and which are only now
under development at the University of Electronic Science and Technology of China in
Chengdu. In addition to his technical interactions, Prof. Liu gave some general seminars
attended by faculty from the School of Liberal Arts on the current state of higher education

in China, as well as other plasma seminars on microwave tube theory to our students.

Lectures

During the five year history of this research program, the Principal Investigator has
several times lectured at other Air Force related installations, including at least two lectures
at the Polytechnic University in Farmingdale, on some of our activities here. Prof. Spencer
Kuo from Polytechnic University also has been to the University of Tennessee to give

lectures at our plasma seminar.
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STAFFING

Faculty

The Principal Investigator was supported by this AFOSR contract for three months
per year during the initial years of this five year program. When funding constraints
became more stringent toward the end of the five year program, this support was reduced
to one month per academic year. In addition to supporting Prof. Roth, this contract also
supported Prof. Liu, Shenggang who spent approximately one year at UTK on sabbatical
leave from the University of Electronic Science and Technology of China in Chengdu,

during academic year 1991-1992.

Postdoctoral Associates

During various times in this five year period, two postdoctoral associates were
supported for AFOSR-related work. One of these was Dr. Paul Spence, who did some
work on the interaction of microwaves with DC plasmas for plasma generation and heating,
and Dr. Mounir Laroussi, who made contributions to the development of our one
atmosphere uniform glow discharge plasma and its power supply, and also to the
computational and analytical study of the interaction of electromagnetic radiation with
magnetized plasmas. An outgrowth of Dr. Laroussi’s work on the latter subject was a new

concept for the tunable notch microwave filter discussed previously.

Graduate Research Assistants

During the five year history of this contract, eight graduate research assistants were
supported at some stage of their academic programs. Mr. Wu, Stafford, Ghannadian,
Crowley and Kamath all received their Master of Science degree in Electrical Engineering
from the ECE Department at UTK, although some of them were supported during this five

year period only for a few months after they received their Master’s degree and so are not
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listed among those students who received their degrees during the five year period
supportea by this contract. Mr. Combs withdrew from his graduate program at UTK
before completing his degree requirements; as did Mr. Jiang, a physics student who took a
job in private industry before completing his doctoral studies at UTK. Mr. Liu is stll
affiliated with the AFOSR contract, and should complete his studies at UTK in a year 10 a
year and a half.
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FUSION REACTORS

When more than a few hundred kilowatts of
steady-state power are required for space applications,
the only feasible choices appear to be nuclear fission
or nuclear fusion. Space application places different
and usually more stringent constraints on the choice of
JSusion reactions and fusion confinement systems than
do ground-based electric utility applications. In space,
the dominant constraint is a minimum mass per unit
of power output; for ground-based utilities, the cost
of electricity is the dominant constraint. Forseeable
applications of fusion reactors to space-related power
and propulsion systems appear to require thermal
Dpower levels ranging from 10 MW up to I GW. There
appears to be no mission for the multigigawatt reac-
tors currently of interest to the electrical utilities.

I. INTRODUCTION

It is very probable that only nuclear fission or
nuclear fusion energy will be capable of satisfying
space-related requirements for more than a few hun-
dred kilowatts of steady-state electrical power. Early
work at the National Aeronautics and Space Admin-
istration (NASA) Lewis Research Center on fusion
propulsion systems between 1958 and 1978 (Refs. 1
and 2) examined the application of steady-state fusion
reactors, generating several hundred megawatts of
thermal power, to direct fusion rockets for manned
interplanetary missions. More recent design studies of
fission and fusion space electrical power systems3-¢
have addressed the long-term needs of the strategic
defense initiative (SDI) program, for which a require-
ment of 1 to 10 MW of steady-state electrical power
is anticipated, with a further possible requirement of
up to several hundred megawatts of “burst” electrical
power for periods of hours. A preliminary report on
advanced fusion power for space applications of
interest to the U.S. Department of Defense (DOD) has
recently been published by the National Academy of
VOL. 15

FUSION TECHNOLOGY MAY 1989

Desirable characteristics of fusion reactors for space
include avoidance of tritium-fueled reactions; an oper-
ation that is as nearly aneutronic as possible; a steady-
state operation; an operation at high beta, with a
plasma stability index greater than 8 = 0.20; the use
of direct conversion or direct production of thrust to
minimize the power flows that must be handled by
heavy energy conversion equipment; and a value of the
system-specific mass below a = 5 kg/kWf(electric), to
be competitive with fission systems for space applica-
tions. Only the deuterium-tritium reaction appears
feasible for magnetic fusion reactors having large recir-
culating power flows; for reactors with little recirculat-
ing power, the best all-around fusion reaction for
space applications appears to be D*He.

Sciences, under the sponsorship of the Air Force Stud-
ies Board.” The data in this report indicate that fusion
power and propulsion systems may have a lower spe-
cific mass (kilograms per kilowatt of electrical power)
than that anticipated for fission electric systems.

The above-mentioned studies'~ described several
ways in which fusion energy may be applied to space
power and propulsion systems. Figure 1 shows a
fusion electric propulsion system with a heat cycle, in
which the fusion energy appears as the enthalpy of a
working fluid, which is processed through a conven-
tional energy conversion system characterized by very
large radiators. This system radiates the waste thermal
energy into space and produces electrical power from
a generator driven by shaft horsepower. A modified
fusion electric propulsion system may be possible, in
which the energy of charged particles from the plasma
is transformed into electrical power by a direct con-
verter, operating like an inverse Van de Graaff gener-
ator. In either case, the electrical power can be used
for SDI applications, to supply the needs of an orbit-
ing space station or as input into some form of elec-
trical propulsion.

A-1
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Fig. 1. Fusion electric space propulsion system.
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Fig. 2. Direct fusion rocket.

The most effective propulsion system, which min-
imizes the size of the radiator required and the total
mass, is the direct fusion rocket shown in Fig. 2. In
this propulsion system, the escaping unreacted fuel
and reaction products are expanded in a magnetic noz-
zle, where they are mixed with cold propellant to
achieve a unidirectional plasma jet with a spread of
velocities, but an optimum mean exhaust velocity.® If
an aneutronic fusion reaction (one which produces few
neutrons from all sources, including side reactions) is
used, and if all the unburned reaction products appear
in the exhaust jet, relatively little heat energy remains
on board the spacecraft to be disposed of by massive
radiators. This direct propulsion system may either
require a very high burnup fraction or waste what
might be a scarce or expensive fuel.

Design studies have been made of both magnetic
and inertial fusion power plants for space applications.
Figure 3 is a schematic of the major subsystems of a
direct fusion rocket based on a toroidal reactor with
a magnetic nozzle consisting of a magnetic divertor.?
This magnetic nozzle removes the outwardly diffusing
unburned fuel and reaction products from the plasma
and injects cold propellant to lower the average jet
velocity to values appropriate to the mission of in-
terest. The equipartitioned energy of the unburned fuel

A-2

and reaction products is converted, by conservation of
the magnetic moment, into virtually unidirectional
motion when the exhaust jet is expanded to weaker
magnetic fields.

Figure 4 shows one of many schemes suggested for
space propulsion using inertial fusion. In this concept,
a laser or charged-particle beam is fired at a deu-
terium-tritium (D-T) pellet that explodes, after which
the propellant and some of the filler material bounce
off a pusher plate, located at a sufficient distance so
that significant ablation does not occur. This pusher
plate is connected to the vehicle by springs and dash-
pots, which absorb and transmit momentum to the
spacecraft. Sometimes a magnetic field, which “catches”
the charged reaction products, replaces the pusher
plate in this concept. The repetitive explosion of these
fusion microbombs can yield high accelerations and
short interplanetary round trip times. In most inertial
fusion schemes, 14-MeV neutrons, 3.5-MeV “He ions,
radiation, and other materials are emitted isotropically
(except those that intercept the pusher plate) into
space.

L.A. Scope

This paper examines some of the constraints on
fusion reactions, plasma confinement systems, and
fusion reactors that are imposed by such space-related
missions as manned or unmanned operations in near
earth orbit, interplanetary missions, or requirements
of the SDI program. The principal performance
parameter used to compare various power plant op-
tions for space application is the specific mass, the
kilograms of power plant mass per unit of electrical or
thermal power generated by the power plant. Minimi-
zation of this parameter should reduce to a minimum
the initial mass in earth orbit of the power plant and
also minimize the cost, to the extent that the cost of
the power plant is proportional to its mass. Fusion
propulsion systems should, in addition, be capable of
operating over a wide range of specific impulse (ex-
haust velocity), including the optimum for a particular
mission, but this appears to be relatively easy to ac-
complish with direct fusion rockets.

Of the many constraints on space power and
propulsion systems, those arising from safety and envi-
ronmental considerations are emphasized in this paper,
since these considerations place severe constraints on
some fusion systems and have not been adequately
treated in previous studies. This paper first examines
the literature of space applications of fission and
fusion energy to summarize the performance of such
systems in tabular form. Then, the factors that affect
the selection of fusionable fuels are discussed, fol-
lowed by a consideration of factors that affect the
choice of confinement concept. Finally, some conclu-
sions are drawn on the basis of currently available
information about the choice of fission versus fusion
power for space applications, the choice of magnetic
MAY 1989
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Fig. 3. Major subsystems of toroidal fusion rocket propulsion system.

versus inertial fusion, the best apparent choice of
fusion reaction, and the constraints that magnetic con-
tainment concepts must satisfy for space applications.

H. PERFORMANCE OF SPACE POWER AND
PROPULSION SYSTEMS

Mission studies of space power and propulsion sys-
tems go back at least 30 yr. An early focus of such
effort was at the NASA Lewis Research Center, where
fusion-related research and development totaling sev-
eral hundred person-years was conducted from 1958 to
1978. A present long-term concern of NASA, the Air
Force, and the SDI program is the generation of elec-
trical power in space over extended periods of time
(>1 d=) at the multimegawatt level. The performance
param::er relevant to this application is the electrical-
specific mass, measured in kilograms per kilowatt of
electrical power produced. A further long-term con-
cern of NASA, and possibly the Air Force, is direct
nuclear space propulsion systems in which thrust is
provided either by heated hydrogen propellant, in the
case of fission propulsion systems, or energetic fusion
MAY 1989
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reaction products and unburned fuel mixed with addi-
tional propellant, in the case of direct fusion propul-
sion systems. The performance parameter relevant to
such direct propulsion applications is the thermal-
specific mass, measured in kilograms per kilowatt of
thermal power produced.

il.A. Performance of Fission Systems
for Space Applications

Table I lists the specific masses of fission electric
and direct fission rocket propulsion systems taken
from selected studies made over the past 20 yr (Ref. 7).
These are consistent in predicting specific masses of 25
to 30 kg/kW(electric) for space systems operating at
a level of a few hundred kilowatts of electrical power
and 4 to 9 kg/kW(electric) for multimegawatt systems.

11.8. Performance of Space Fusion Propulsion Systems

Figure 5 shows the distribution of specific mass in
a direct fusion rocket based on the concept illustrated
in Fig. 3 (Ref. 2). This was a relatively detailed para-
metric study in which the mass of the propulsion sys-
tem was obtained as a function of the strength of the
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TABLE |
Specific Masses of Fission Power Systems
Direct Rocket Electrical Power Total Power
Item System [kg/kW(thermal)} | [kg/kW(electric)} Level Reference
1 Direct fission rocket 0.0025 -_— 50 to 70 MW(thermal) 7
2 Fission electric system -—- 4.0 7.5 to 15 MW(electric) 7
3 Fission electric system - 5.0 5 to 10 MW(electric) )
4 Goal of DOD fission electric
system -— 30.0 100 kW(electric) 7
5 NASA SNAP studies 1965
through 1970 fission
electric systems - 7.0t09.0 10 MW(electric) 1 and 2
6 Small fission electric systems -—- 25.0 0.1 to 1.0 MW(electric) 6
7 Large fission electric systems -— 5.0 1.0 to 10 MW(electric) 6
1.5— RADIATOR ;- magnetic induction in the plasma. This direct fusion
JET POWER, 200 MW ’ rocket employed the D3He reaction and had a plasma
R =1m radius of ! m. As is evident, the largest contribution
—~ = REFRIGERATION ’ AN
Q Am = 10 /W to the mass of the overall system is shielding, and, at
= higher magnetic inductions, structure required to bear
3T the magnetic forces.
» STRUCTURE The distribution of specific mass in Fig. 5 is char-
< acteristic of direct fusion rockets in that the radiator
z is a small fraction of the overall mass. In aneutronic
& 05— MAGNET direct fusion rockets, it is possible to “dump over-
@ SECONDARY SHELD ~ board” thermal energy in the form of reaction prod-
@ ucts and unburned fusion fuel with the propellant,
PRIMARY SHIELD rather than having to dispose of this thermal energy
0 | | | | | through massive energy conversion systems and radi-
4 8 12 16 20 24 ators. In design studies of fusion electric systems, like

MAGNETIC FIELD (T)

Fig. 5. Distribution of the system-specific mass in a D*He
direct fusion rocket in which 200 MW appears in
charged-particle energy.?

those shown schematically in Fig. 1, the overall con-
tribution of the radiators to the system mass is much
larger because of the necessity of handling large
amounts of thermal energy with massive energy con-
version systems.
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I1.C. Relative Performance of Fission
and Fusion Systems

Table 11 lists the specific masses of fusion power
systems quoted in Ref. 7. Projections of this nature
must be viewed with caution because the depth of the
studies varies greatly, e.g., they range in their level of
effort from a few person-weeks to several person-
years. The specific masses in Table II can be grouped
in three broad categories:

1. those from recent design studies done under
U.S. Department of Energy (DOE) auspices
(DOE 1 through 7)

2. those from recent non-DOE-supported design
studies (non-DOE 1 through 7)

3. detailed NASA mission studies from 1958-1978
and a recent design of a laser fusion rocket
(NASA 1, 2, and 3).

The design studies quoted as DOE 1, 2, and 3 were
“mainline” D-T tokamak or D-T tandem mirror elec-

Roth SPACE APPLICATIONS

tric utility power plants. The thermal-specific mass, in
kilograms per kilowatt of thermal power produced,
quoted in DOE 1 and 2, is for the “fusion island” only
and is already at the level of 6 to 7 kg/kW(thermal).
If the mass of steam generators, turbines, generators,
and all other balance of plant (BOP) equipment are
neglected, the electrical specific mass -of these mainline
reactors would be a minimum of 13 to 21 kg/kW(elec-
tric). Realistically, specific masses at least double or
triple these values can be expected if the BOP is ac-
counted for. This is illustrated by DOE 3 in Table 11
for the D-T STARFIRE study, which arrived at an
electrical specific mass of 53 kg/kW(electric) even
without the massive radiators that would be required
for space applications.

Entries DOE 4, 5, and 6 in Table II are DOE-
sponsored design studies based on advanced fuels
(DOE 4) or alternate confinement concepts (DOE 5
and 6), which are not currently a mainline objective of
the DOE program. These indicate some improvement
in specific mass, but even DOE 4, at 16 kg/kW(elec-
tric), is not competitive with the 4 to 9 kg/kW(electric)

TABLE 11
Specific Masses of Fusion Power Systems

Direct Rocket Electrical Power Total Power
Item System (kg/kW(thermal)] | [kg/kW(electric)] Level Reference

DOE 1 STARFIRE fusion island?® 7.2 212 3.51 GW(thermal) 9
DOE 2 Mirror Advanced Reactor Study fusion

island® 5.7 132 3.5 GW(thermal) 13
DOE 3 D-T STARFIRE power plant -—- 53 1.2 GW(electric) 12°
DOE 4 D3He STARFIRE power plant - 16 =1.2 GW(electric) 12°
DOE 5 Reversed-field pinch reactor fusion

island® 4.0 16* ~3 GW(electric) 7
DOE 6 Eimo Bumpy Torus Reactor fusion

island® 11.0 36* ~4 GW(thermal) 7
DOE 7 Target recommended to DOE for

fusion power plants - 10 Unspecified 10
Non-DOE 1 | Migma fusion electric — ~2t03 I MW(electric) 15,16
Non-DOE 2 | Migma fusion electric ——- 1.0 >8 MW(electric) 15,16
Non-DOE 3 | D*He SAFFIRE ficld-reversed mirror

reactor 5.0 5.5¢ 800 MW(thermal) 11
Non-DOE 4 | Ohmically Heated Toroidal Experiment/

compact reversed-field pinch reactor

fusion istand*¢ 0.33 _— 1 GW(thermal) | 14,18,19
Non-DOE § | D*He tandem mirror reactor 0.5 1.0¢ 1 GW(thermal) 4°
Non-DOE 6 | CANDOR fusion island® 8.2 - 61 MW(thermal) 7
Non-DOE 7 | Solar-assisted reactor SDI burst power ——— 0.50 1 GW(electric) 3
NASA 1 D*He direct rocket lower limit NASA

studies 0.5 1.0¢ 200 MW(thermal) 1,2
NASA 2 D3He direct rocket upper limit NASA

studies 3.0 3.5¢ 200 MW(thermal) 1,2
NASA 3 Laser fusion rocket 0.009 - 54 GW(thermal) 17

2Reactor only —no energy conversion equipment. Kilograms per kilowatt(electric) were found by dividing reactor mass by power plant
net electrical power.

bSee Ref. 20.

“Here, 0.5 kg/kW(electric) is added to D3>He fusion systems for direct converter mass.
9This work was partially supported by Los Alamos National Laboratory.

FUSION TECHNOLOGY

VOL. 15 MAY 1989

A-5




Roth SPACE APPLICATIONS

expected of the fission electric space power systems
listed in Table 1.

Not only are these DOE mainline and alternate
confinement concepts not competitive with fission
electric systems for space applications by a large fac-
tor, but also there is concern within the fusion com-
munity that the fusion reactors represented by DOE 1
through 6 have such high specific masses that they
may not be competitive for the ground-based electrical
utility power plants for which they are intended. Ac-
cordingly, in 1984, the DOE charged panel 10 of its
Magnetic Fusion Advisory Committee to survey fu-
sion and fission primary energy sources and recom-
mend a long-term target for future fusion reactors.
Their recommendation, 10 kg/kW (electric), is listed as
DOE 7.

The second group of design studies, non-DOE 1
through 7, produced specific masses ranging from 1.0
to 5.5 kg/kW(electric) for power levels ranging from
1 MW(e' i) to 1 GW(thermal). The third group of
NASA aesigr studies includes early (1958 to 1978) mis-
sion studies 1in which many person-years were invested
(NASA ! and 2). These produced specific masses in
the range from 1 to 3.5 kg/kW(electric).

All of the NASA and non-DOE design studies,
which use alternate confinement systems and/or ad-
vanced fuels, are consistent with specific masses of 2
to 3 kg/kW(electric) for multimegawatt systems as a
reasonable expectation. Such values not only represent
a factor of 2 to 3 improvement over projected fission
electric systems but also are significantly less than the
target suggested by DOE’s panel 10 of the Magnetic
Fusion Advisory Committee.

IN. FACTORS AFFECTING FUSION FUEL SELECTION

HLA. Tritium in Space

Whatever the merits of the D-T reaction for elec-
tric utility power plant reactors, the constraints of the
space environment, discussed below, make it desirable
to consider other fusion reactions. Utilization of the
D-T, deuterium-deuterium (D-D), or catalyzed D-D
reactions would necessitate the use ¢« f radiologically
significant amounts of tritium in space, and one must
ask whether the risks of doing so can be reduced to
acceptable levels.

A benchmark for large-scale radiological accidents
was established by the Chernobyl nuclear accident of
April 1986 (Refs. 21 and 22). The approximate radio-
active source terms and inventories associated with this
accident are listed in the first column of Table III. As
a consequence of this accident, ~50 MCi of biologi-
cally inert noble gases, mostly krypton and xenon,
were released into the atmosphere. An additional S0
MCi of biologically active fission products were re-
leased and spread over a large portion of the Eurasian
continent. It is instructive to compare these inventories
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TABLE 111

Fission and D-T Fusion Radiological
Hazard Comparison

Chernobyl | STARFIRE
Reactor Characteristic Accident | D-T Tokamak

Biologically inert (noble) gas

release (MCi) ~50 -——
Biologically active radiation

release (MCi) ~50 -~
Tritium inventory (11.6 kg)

(MCi) - ~111
Core/blanket inventory

(MCi) ~1500 6140

with the radioactive inventories associated with the
STARFIRE D-T tokamak reactor,’ a gigawatt level
power plant fusion reactor. The STARFIRE reactor
had a total tritium inventory of 11.6 kg, which is ~110
MCi of volatile radioactive material. This is more
than twice as great as the biologically significant (non-
noble gas) radioactivity released during the Chernobyl
accident.

By comparing inventories and source terms in
curies, it is intended to provide an indication of rela-
tive public acceptability, public perception of relative
risk, and relative immediate consequences of an acci-
dent. Such immediate consequences include exposure
of operating staff and emergency crews, the necessity
of evacuating large areas, and other emergency mea-
sures taken for public safety. Long-term consequences
such as genetic or somatic damage to individuals or
populations would require, in addition, consideration
of the relative biological effectiveness (RBE) of each
species released, along with its environmental pathway
and source term. While the RBE may be useful for
assessing the long-term consequences of a particular
accident, it probably has little impact on the social
acceptance of a nuclear technology prior to its intro-
duction.

If a D-T reactor were used in space, the penalties
associated with a lithium-breeding blanket for the tri-
tium would probably be so great that tritium fuel
would be supplied from ground-based sources. In a
direct fusion rocket, or in a fusion electric system
based on a direct converter, it will be very difficult to
recover the unburned tritium, and it is therefore pru-
dent to assume that all unburned tritium is lost to
space and unavailable for reinjection into the reactor.
Since the burnup fraction of tritium will likely be in
the 5 to 30% range for D-T reactors, much more tri-
tium will be required to fuel a reactor than is actually
burned to produce electrical power or propulsion.
Depending on the power level, from 10 MW(thermali)
to 1 GW(thermal), a space power or propulsion system
might use from ~0.03 to 3 kg of tritium per day.
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Safety considerations make it necessary to be con-
cerned both about lifting this tritium fuel into orbit in
the first place and then assuring that it does not
reenter the atmosphere.

The particles trapped in the earth’s magnetosphere
are supplied by the solar wind and consist mostly of
hydrogen with a small admixture of helium and other
elements. If all of the hydrogen trapped in the mag-
netosphere was liquified, the liquid hydrogen would
approximately fill an olympic-sized swimming pool.
Thus, the total amount of matter in the magneto-
sphere is not very great, and one must be seriously
concerned about the effects of adding charged parti-
cles or significant amounts of additional matter to that
already present in the magnetosphere. The amount of
matter in the magnetosphere is comparable to the
propellant exhausted by many propulsion systems as
they move through it. Since most particles trapped in
the magnetosphere eventually find their way into the
earth’s atmosphere, one must be concerned about the
possible effects of injecting tritium ions in the mag-
netosphere, which are later precipitated into the atmo-
sphere by magnetohydrodynamic instabilities.

If tritium or any other radioactive nuclear fuel is
used in space, the following accident scenarios must be
addressed: (a) a Challenger-type accident in which the
space shuttle ferrying the tritium into orbit blows up
in the atmosphere and releases the tritium inventory,
(b) reentry of the fuel inventory into the atmosphere
as a result of atmospheric drag or an unintended
change in the orbital elements of a spacecraft with a
fusion reactor on board, or (c) leakage of unburned
fusionable fuel into the atmosphere by such routes as
trapping of its ions in the magnetosphere, followed by
auroral precipitation in the earth’s atmosphere.

II.B. Neutron Fluxes in Space

Probably the single most important factor in op-
timizing a space power or propulsion system is to min-
imize the initial mass that must be placed in earth’s
orbit, since transportation into orbit is very expensive,
In consequence, there is a strong temptation to omit
shielding to the maximum extent possible to conserve
mass. The 14-MeV neutrons produced by the D-T
reaction require at least 1 m of shielding to be slowed
down. A spectrum of blanket designs is possible, ranging
from full shielding to a bare reactor. In very unusual
circumstances, a partially or fully shielded neutronic
reactor might be lighter than a bare aneutronic reactor,
but this appears unlikely in view of the mass penalty
of radiators and energy-handling equipment required
to deal with the thermal energy deposited in the shield.
Here, we assess the environmental consequences of the
limiting case, a bare reactor.

It has not always been realized that unshielded
fluxes of neutrons, charged particles, and X rays can
pose a serious environmental hazard over surprisingly
large distances from an unshielded source. Let us con-
MAY 1989
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sider a bare, unshielded fusion reactor, and focus on
the consequences of an unshielded flux of neutrons
from such a reactor. The flux of neutrons ¢, from a
point source of S neutrons per second at a distance of
R, is given by

¢, = n/m?.s .. (1)

47R?
The relationship among the power lost in the form of
neutrons p,,, the total fusion power pg, and the frac-
tion of the power in neutrons f is given by

PN = INDF 2

while the power in charged particles p is given in
terms of the total fusion power produced by

pc=U—=/NpF . (3)

Combining Egs. (2) and (3), the relation among the
neutron power, the power in charged particles. and the
fraction of the power in the form of neutrons is given
by

oy = INPC
M-
The source term from an unshielded fusion reac-
tor generating neutrons is given in terms of the total
neutron power P, in megawatts, the electronic charge
e = 1.60 x 107'° C, and the energy Ex of the individ-
ual neutron in mega-electron-volts as follows:

_ Px(MW) _ _ Jupc (MW)
eEN (MCV) (1 —j:v)eEN (MCV)

where Eq. (4) has been substituted for the neutron
power in Eq. (5). By substituting Eq. (5) into Eq. (1)
and solving for the standoff distance R;, one obtains

R, = [ Snpe (MW) :l"/z m
L™ l4med, (1 — fy)En (MeV)

It is of interest to calculate the standoff distance
based on radiological safety considerations for a typi-
cal fusion propulsion system. The design studies of
Refs. 1 and 2 indicate that a propulsion system utiliz-
ing a direct fusion rocket might require ~200 MW of
charged-particle power in the exhaust jet. For pure
D-T fusion, the fraction of the energy released in the
form of neutrons is fy, = 0.80, and the neutron energy
En = 14.1 MeV. The occupationally acceptable safe
dose for 40 h/week exposure to mega-electron-volt
neutrons is ~10 n/cm?-s~! or 10° n/m?-s~! (Ref. 23).
Since such a fusion propulsion system would start out
orbiting the earth, the natural unit of length used to
measure the standoff distance is the earth radius, R =
6378 km.

The neutron fraction, neutron energy, and safe
standoff distance under the above assumptions are
shown for an unshielded fusion reactor with isotropic
neutron production in Table IV for five fusion reac-
tions. The safe distances, beyond which the neutron

C)

n/s , (5)

(6)
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fluxes are below the occupational standard, are also
given in earth radii. Clearly, an unshielded fusion reac-
tor will generate such a large neutron flux that no
unshielded person or thing can approach safely within
a very large distance of it. If a more demanding stan-
dard was used, for example, 10% of the background
radiation level, these standoff distances would be still
larger. Note that the same consideration applies to

both unshielded magnetic and inertial fusion reactors,
since the average of 200 MW for an unshielded pro-
pulsion system is based on the average power required
for interplanetary missions.

Some of the environmental hazards posed by an
unshielded fusion reactor in space are summarized in
Fig. 6. These hazards could include the effects of neu-
trons, energetic reaction products, unburned fuel ions,

TABLE 1V
Safe Distance from Unshielded Fusion Reactor with Isotropic Neutron Production*
Neutron Safe
Neutron Energy, E, Distance, R

Reaction Fraction, fx (MeV) (km) R/R,
D-T 0.80 14.07 16 800 2.6
D-D 0.336 2.45 14 300 2.2
Catalyzed D-D 0.38 8.26 8 600 1.4
D’He 0.02 2.45 2900 0.45
pOLi 0.05 1.75 5500 0.86

*In this table we assume that (a) there is 200 MW of charged-particle power, (b) a radiologically safe dose for continu-

ous exposure to mega-electron-volt neutrons is 10 n/cm
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Fig. 6. Potential environmental hazards of fusion propulsion systems.
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electrons, and X-ray radiation. At least some of these
hazards would result from the use of a bare reactor,
regardless of the fusion reaction used. These forms of
radiation could load up the magnetosphere with ener-
getic charged particles; cause damage to unmanned
satellites in earth orbit; damage other spacecraft, as in
an exploratory fleet or a space shuttle; affect individ-
uals in earth-orbiting satellites or in high flying air-
craft; activate atmospheric gases by direct interaction;
and affect, at optical frequencies, the work of individ-
uals such as astronomers at high altitudes or even at
sea level.

The detrimental environmental effects of an un-
shielded fusion reactor are not limited to low earth
orbit. If such an unshielded fusion reactor or propul-
sion system were to approach another planet or satel-
lite, the unshielded radiation could lead to activation
of the surface and loss of scientific data. It could af-
fect a manned scientific station or colony. Unshielded
radiation on a target planet or satellite surface could
alter or erase the cumulative effect of aeons of inte-
grated information from the solar wind, cosmic rays,
or other long-term surface interaction processes.

The above considerations make it clear that neu-
trons should be shielded and not allowed to escape
directly into space. Consequently, their thermal energy
must be disposed of. In space, the only way in which
an isolated spacecraft can dispose of waste heat is
by radiation, and the necessary radiators then repre-
sent a significant mass penalty that must be paid to
accommodate the presence of neutrons. These con-
siderations suggest strongly that the best way of avoid-
ing what must be either a safety hazard or a mass
penalty is to use fusion reactions that generate the
minimum possible amount of neutron, radiant, or
thermal energy.

ill.C. Neutronic Activation of Structure

Both fission and fusion reactors will activate their
shielding and structure to some extent. In fission reac-
tors, activation arises from fission products and the
interaction of low energy (below 1-MeV) neutrons with
the core and shielding materials; in fusion reactors, the
activation arises from 14.1- or 2.45-MeV neutrons,
which activate the material of the first wall and blan-
ket. The magnitude of this activation is evident in the
last line of Table 1II, where the nonvolatile core or
blanket inventory is listed for the Chernobyl reactor at
the time of the accident on April 26, 1986 (Refs. 21
and 22) and for the STARFIRE D-T tokamak after
1 yr of operation.’ These inventories were the result
of about a year of full-power operation at 1 GW of
electrical power output in each case. These inventories
are ~30 and 120 times, respectively, the radioactive
release of the Chernobyl accident and are clearly much
too large to dump into the atmosphere. Thus, any fis-
sion or D-T fusion reactor, once operated in space, is
VOL. 15
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likely to become a serious radiological safety hazard
upon reentry into the atmosphere.

In low earth orbit, there is a narrow band of orbital
altitudes within which manned operations are possible.
Below ~300 km, atmospheric drag is so large that the
orbit of a space station would decay in a relatively
short period of time; above ~500 km, radiation fluxes
from particles trapped in the magnetosphere are suffi-
ciently high so that sustained manned operations are
not possible. Parenthetically, it is not generally real-
ized that the Apollo astronauts acquired a whole-body
radiation dose of 50 rads during one round trip
through the earth’s magnetosphere. This is ~ 5 of the
L-50 fatal dose.

Because of the hazard of the radioactive inventory
of fission or fusion reactors, these reactors should be
parked, after use, in a “nuclear safe orbit”; that is, an
orbit that is sufficiently high above the earth’s surface
that atmospheric drag will not cause the reactor to
reenter the atmosphere until the longest lived radionu-
clide of anv significance decays. For fission reactors,
the lowest nuclear-safe orbit is ~700 km, thus placing
the parking orbit for nuclear fission reactors beyond
the 500-mile limit where manned operations are pos-
sible. The radionuclides in activated D-T tokamak
fusion reactors are, in most blanket designs, not as
long lived as those of fission reactors and their nuclear-
safe orbit may be somewhat lower than the 700 km
appropriate for fission reactors.

The fact that the nuclear-safe orbit is likely to be
above the altitude band where manned operations are
possible leaves open the possibility that a fission or
fusion reactor associated with a manned space station
might reenter the atmosphere. If it did so, the last line
of Table III implies that an amount, in curies, of
radioactive material could be released into the atmo-
sphere by the reentry process, which would be ~30
times the Chernobyl release for a gigawatt fission reac-
tor, and ~ 120 times the Chernobyl release for a D-T
fusion reactor comparable to the STARFIRE to-
kamak. :

111.D. Performance of Fusion Fuels

The choice of a fusion reaction for space power
and propulsion purposes depends on its performance
in a burning plasma. Consider the idealized fusion
power plant shown in Fig. 7 (Ref. 24, Chap. 8). In this
power flow diagram, the plasma heating power needed
to maintain the plasma in the steady state py and the
fusion power pr appears as thermal energy and is con-
verted by an energy conversion system with efficiency
n into a gross electrical power pg. A fraction F of this
gross electrical power is returned as recirculating elec-
trical power pr to keep the reactor operating. This
recirculating electrical power is converted into plasma
heating power with an efficiency 5;. Recirculating
power required for purposes other than plasma heating
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Fig. 7. Power flows in an idealized fusion power plant.

(such as cryogenic refrigerators or resistive coil losses)
can be accounted for in this model by decreasing 7,
below its true value to cover such requirements.

It can be shown (Ref. 24, p. 261) that the Lawson
parameter n;r., the product of number density and
ion containment time, for the idealized fusion power
plant shown in Fig. 7 is given by

3 1
ZeT'G(y,Z) | — —1
Ze G(‘YZ)(F"PH )

bl

nit.=

1
ME,,8,5¢ov) 1, — S(T")?H(v,Z) (— - l)
Fa,

™

for a plasma with two fuels of mixture ratio y and
atomic numbers Z, and Z,, where the ion and elec-
tron kinetic temperatures are assumed to be equal, e
is the electronic charge, 1.602 x 10~!° C, the brems-
strahlung constant is § = 1.625 x 10738, T’ is
expressed in electron volts, the parameter G(v,Z) is
given by

Gv,2) =11 +vZ,+ (1 -v)Z;] , t)
the parameter H(vy, Z) is given by
H(v,Z2) = [vZ, + (1 — v)Z;]
x [vZ} + (1 - 23] , )
the parameter g, is given by
812 = v(1 — v) unlike fuels (10a)
and

&2 = %like fuels , (10b)
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and the heating power fraction Fuy, is given by

plasma heating power
gross thermal output power

Fm; = (n

Equation (7) is a generalization of the Lawson crite-
rion, which, in its original form, applied only to fu-
sion power plants with 100% efficient plasma heating
equipment (n; = 1.00) and which also had no net
power output (pygr = 0). The parameter M in the
denominator of Eq. (7) is the blanket multiplication
factor, which accounts for additional energy generated
in the blanket by, for example, neutron-induced reac-
tions.

The power flow diagram in Fig. 7 demonstrates
that the relationship among the heating power frac-
tion, the power produced by fusion reactions pr, and
the required plasma heating power py is given by
(Ref. 24, p. 259)

Fo; = (py + pr) = pu - (12)

Because of the mass and reliability penalties associated
with recirculating power flows in a magnetic fusion
reactor, it is normally desirable that a fusion power
plant for space application be self-sustaining (Ref. 24,
p. 269), which means that the cold incoming fuel is
heated to the reaction temperature by the charged
reaction products. This condition for a self-sustaining
fusion reaction can be stated as

JePF = DPH . (13)

That is, the plasma heating power is supplied by the
energy of the charged reaction products, where f, is
the fraction of the fusion energy released in the form
of charged particles.

By substituting Eq. (13) into Eq. (12), one obtains
VOL. 15

FUSION TECHNOLOGY MAY 1989

Ny G BB B " G Gy Uy A By g &) R & e G W e W




an expression for the heating power fraction in terms
of the fraction of charged particles,

Je
Fy, T+ 7
At the heating power fraction given by Eq. (14), the
idealized fusion power plant described by Eq. (7) will
operate in a self-sustaining mode. If Eq. (14) is sub-
stituted into Eq. (7), one obtains the Lawson param-
eter n; 7., given by

(14)

%kTG(v.Z)

" fME3812¢o0)1; — S(T')"2H(~, 2)

This equation describes the position on the Lawson
diagram that must be met for a magnetic fusion reac-
tor to be self-sustaining.

In subsequent discussions, it will be assumed that
fusion power plants considered for space application
are self-sustaining in the sense of satisfying the mod-
ified Lawson criterion of Eq. (15). The Lawson diagram
for self-sustaining fusion burns is shown in Fig. 8.
Also shown are the Lawson parameter n7 and ion ki-
netic temperature 7;, which will allow a self-sustaining
fusion reaction to take place for the D-T, D*He, cata-
lyzed D-D, and uncatalyzed D-D reactions.

Table V lists the characteristics of seven fusion
reactions that have been considered for space and
ground-based applications. Rows 1, 2, and 3 are fun-
damental physical properties of the reactions. The
ranges shown for the energy of neutrons in the second
line result from the different mixture ratios for the

i (15)
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Fig. 8. Lawson diagram for self-sustaining fusion reactors
utilizing the D-T, catalyzed D-D, D*He, and un-
catalyzed D-D reactions.
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fuels that might be used and also from uncertainties in
the cross sections and branching ratios of the side reac-
tions involved. The subsequent calculations were done
with a common set of input assumptions, including: all
fuel species are Maxwellian; equal ion and electron ki-
netic temperatures for all but the last two lines of the
table; a 50:50 mixture ratio for unlike fuels; complete
loss of the reaction product tritium and *He for the
D-D reaction, and complete burning of these reaction
products for the catalyzed D-D reaction; no synchro-
tron radiation; no reaction product buildup; no impu-
rities in the plasma; a self-sustaining fusion reaction in
the sense of satisfying Eq. (13), for lines 7 through 15;
and a zero-dimensional “point” plasma model with no
profile or boundary effects.

The ideal ignition temperature in row 4 is the tem-
perature above which more fusion energy is deposited
in charged particles in the plasma than is radiated
away as bremsstrahlung. A steady-state, self-sustained
burn is impossible below this kinetic temperature if the
ion and electron kinetic temperatures are equal. Two
reactions —the p®Li and the p'' B—are not ignitable
at any temperature, by a factor given in row 5. These
reactions could be operated in the steady state only if
the electron temperature could somehow be kept well
below the ion kinetic temperature.

The reactivity is a parameter that is proportional
to the fusion power density in a plasma that operates
with a fixed plasma stability index 8 and a fixed mag-
netic field (Ref. 24, p. 279). The reactivity is

- E (o) 12812
4[1 +9Z, + (1 — v)Z,)U(T})?

and has a maximum at the kinetic temperature listed
in row 6. The ratio of this maximum reactivity temper-
ature to that of the D-T reaction is shown in row 7.
Note that four fusion reactions need operate only at
temperatures from 1.23 to 6.15 times that of the D-T
reaction to achieve their maximum power density.

The value of the Lawson parameter n7 at the max-
imum reactivity for a self-sustdining magnetic fusion
reactor is shown in row 8, and its ratio to that of the
D-T reaction is shown in row 9. Only relatively small
factors of improvement in nr over D-T are required.
In the case of the D-D reaction, the reactivity maximum
is below the ideal ignition temperature, the Lawson
parameter cannot be calculated for a self-sustaining
reactor if the reactor is not ignitable, and not enough
cross-section data on the *He reaction is available
above 1 MeV to allow the Lawson parameter to be cal-
culated for this reaction.

The ion kinetic temperature at the minimum of the
Lawson curve for a self-sustaining reactor is shown in
row 10, and the ratio of this temperature to that of the
D-T reaction is shown in row 11. The kinetic temper-
atures required to burn catalyzed D-D and D*He are
only a factor of ~4 above that of D-T. Rows 12 and
13 show that the Lawson parameters required to burn

Ry

(16)
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TABLE V
Fusion Fuel Characteristics*
Fusion Reaction
Reaction Catalyzed
Characteristics D-T D-D D-D D'He poLi p''B 'He'He
1. Fractional energy to neutrons, basic reaction (%) | 80 33.6 38 0 0 0 0
2. Fractional energy to neutrons, basic + side
react’ as (%) 80+ 33.6 38 2ols ) ~1 0
3. Ene1y releaseu per reaction (MeV) 17.6 3.65 14.4 18.3 4.0 8.7 129
4. Ideal ignition kinetic temperature (keV) 4.2 42 18 32 * ¢ 820
5. Factor away from idea. ignition, pg/pr - --- --- --- 4.6 30 -
6. Temperature of maximum reactivity (keV) 13 16 35 ss 80 $50 >1 Meb
7. Ratio of maximum reactivity temperature to
that of D-T 1.0 1.23 2.69 3.23 6.1 423 >77
8. n7 at maximum reactivity {s:m" x 10°°) 24 ® 14 $.0 . - ¢
9. Ratio of n7 at maximum reactivity to that of D-T 1.00 --- S.83 7S --- - -
10. Temperature of minimum Lawson parameter
nr (keV) 26 240 90 110 . ¢ d
11. Ratio of temperature at nr minimum to that
of D-T 1.00 9.23 346 4.23 --- - -
12. Minimum 77 for self-susiaining burn
(s/m’ x 10%°) 1.60 84 7.4 6.0 a4
13. Ratio of minimum n7 in (12) above (o that
of D-T 1.00 52.5 4.63 3.758 - --- -
14. Cold electron nr at maximum reactivity temper-
ature (s/m’ x 102°) for self-sustaining burn 2.12 | 120 11.2 6.06 | 384 51 >56
15. Ratio of cold nr to that of D-T 1.0 56.6 5.28 2.86 18 24 26.4

*In this table we assume that all fuel species are Maxwellian; T, = T, for all but data in last two rows; 50:50 mixture ratio for unlike
fuels; no synchrotron radiation; no reaction product buildup; no impurities in plasma; zero-dimensional, “point” plasma mocdel; and

lines 8 through 15 for a self-sustaining reactor.
2Not ignitable under assumptions above.

®Ideal ignition temperature is above temperature of maximum reactivity.

‘Undefined for a nonignitable reaction. :
dCross-section data not available above 1 MeV.

these reactions in a self-sustaining reactor are only a
factor of ~4 above that of D-T. The Lawson curves
for a self-sustaining fusion reactor are shown in Fig. 8
for the first four reactions listed in Table V.

Rows 14 and 15 show the Lawson parameter that
could be achieved at the maximum reactivity temper-
ature in row 6 if, somehow. the electrons could be
kept cold enough for the bremsstrahlung radiation to
be negligible. Here again, only modest increases above
the Lawson parameter nr required for the D-T reac-
tion are neede: for the catalyzed D-D and D*He reac-
tions. The information in rows 6 through 15 indicates
that, at least for magnetic fusion, the distance on the
Lawson diagram from the D-T to the advanced fuel
conditions is not as great as commonly supposed. The
factors of 3 to S needed in kinetic temperature and the
Lawson parameter to burn advanced fuels rather than

A-12

D-T are small compared to the many orders of mag-
nitude in these quantities that have been achieved over
the past two decades by the fusion community. These
relatively small factors suggest that, at least for mag-
netic fusion, reactions other than D-T can be consid-
ered for space applications.

Figure 9 shows the D>He reaction for unequal
electron and ion temperatures. The upper curve is
the D3He self-sustaining Lawson curve also shown in
Fig. 7. The curves below it show the effects of cool-
ing the electron population to temperatures below that
of the ion kinetic temperature. It is riot clear what
physical process could accomplish this result, but if the
electron temperatures were made negligibly small, the
minimum n7 of the D3*He curve on the Lawson dia-
gram would be comparable to that of the D-T reac-
tion. Depressed electron kinetic temperatures could
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Fig. 9. Lawson diagram for the D*He reaction with unequal
electron and ion kinetic temperatures.

also make such reactions as p''B and p©Li ignitable
and greatly improve their attractiveness for reactor
applications.

lILE. Availability of Fusionable Fuels

Most of the fusionable fuels listed in Table V are
available for space applications in unlimited quantities.
The only two fusionable fuels that may be in short
supply are tritium and *He. Tritium has a half-life for
decay into *He of 12.3 yr,

T—-123y3He + ¢ a7

and is not found to any significant extent in nature.
Helium-3 is a stable isotope of helium but is found
with an isotopic abundance of only about one part in
10° on the surface of the earth.

Only a very limited number of fusion reactors will
ever be required for space applications, and their fuel-
ing requirements will be far smaller than, for example,
a ground-based fusion economy for electric utilities.
Thus, for space applications, it becomes possible to
consider sources of tritium and *He that would not be
feasible for ground-based eiectric utility applications.

In space, severe mass penalties will probably be
associated with the recovery of unburned tritium fuel
for reinjection into the plasma or with any attempt to
breed tritium on a space vehicle by the neutron-lithium
breeding reactions (Ref. 24, p. 202) that have been
proposed for ground-based electric utility D-T power
plant reactors. The relatively small amount of tritium
required for space missions, compared to the much
larger amounts that might be needed in ground-based
VOL. 15
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electric utility power plants, should make it possible to
increase the tritium breeding ratio of ground-based
power plants to an extent that will produce enough
additional tritium for space missions.

Because of its extremely low isotopic abundance,
very little *He will be available from natural sources
on the earth’s surface. Another source of *He is the
decay of tritium, according to Eq. (17), which is used
for weapons and other purposes. It is likely that the
total amount of *He that will be available early in the
twenty-first century will be no more than a few hun-
dred kilograms, an amount barely adequate for one or
two space missions.

Other potential sources of *He include the decay
of tritium specially produced by fission reactors for
space missions, and semicatalyzed D-D reactors, fol-
lowing the suggestion of Miley et al.,?* which are part
of a ground-based fusion economy using D-D reac-
tions. The most promising source of large amounts
of *He appears to be heating regolith on the lunar
surface, which has been implanted with *He over geo-
logical ages by the solar wind.”?% It appears that es-
sentially unlimited amounts of *He would be available
for space missions from sources on the lunar surface
or the atmospheres of the outer planets or their satellites
that have retained light elements in their atmospheres.

V. FACTORS AFFECTING CONFINEMENT CONCEPT

In this section, some of the factors that affect the
choice of confinement concept are examined. This
includes the choice both between inertial and magnetic
fusion energy and among magnetic containment con-
cepts.

IV.A. Thermal Energy Radiation in Space

The disposal of unwanted thermal energy imposes
a serious mass penalty on any power-generating system
used for space missions. Radiators are a significant
fraction of the total mass of fission or fusion power
plants used for space applications, particularly if the
power plant is used for generating electrical power
rather than direct thrust. Direct fusion rockets can dis-
pose of most of their thermal energy in the exhaust jet
without having to process the energy through a Car-
not cycle containing energy conversion equipment and
radiators; when electrical power is required, large
blocks of thermal power must be processed to gener-
ate the electrical requirements.

It is not generally appreciated by individuals who
are accustomed to ground-based power plants that the
mass penalty associated with radiators in space places
a constraint on the ratio of the radiator temperature
to the operating temperature in the core or blanket of
the reactor. To see this, consider the Stefan-Boltzmann
law, which gives the amount of power radiated prap
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by a radiator of temperature T with a total area Ag
and emissivity ¢, where o is the Stefan-Boltzmann radi-
ation constant:

Pw = Prap = €0TRAR . (18)

Consideration of the power flow diagram of the ideal-
ized fusion power plant in Fig. 7 shows that the waste
heat py is related to the gross electrical power pg and
the power plant efficiency 5 by the expression

1 -
Puw = . 1 PG » (19)

where the efficiency of the power plant can be written
in terms of the Carnot efficiency 7. and the efficiency
factor 5y, which represents the achievable fraction of
the Carnot efficiency,

Tr
Pw (1 TH)ﬂo . (20)
The cold temperature is the radiator temperature Tk,
and the high temperature is the core or blanket cool-
ant temperature Ty .

If Egs. (19) and (20) are substituted into Eq. (18),
one can obtain an expression for the area of the radi-
ator Ay in terms of the temperature of the radiator
and coolant Ty as follows:

T,
—H—TH+ TR
Mo

(Ty — Tr)ea TR

Thermal radiators for space applications will be very
large two-dimensional structures, the mass of which
can be approximated by a mass density per unit area,
or, kilograms per square metre. The mass of a radi-
ator can then be written in terms of its area as follows:

Pc

Ag= 1)

T,
H - Ty+Tx
Mo

(Ty — Tr)eoTR

In space-related systems, the designer has the op-
tion of varying the radiator temperature to minimize
the radiator mass. If the minimum mass is calculated
as a function of the coolant and radiator temperature
for the limiting case of the Carnot efficiency, 59 =
1.0, a derivative of Eq. (22) yields

IMp 3

3T =0=T 4TH. (23)
Thus, for the Carnot efficiency, the radiator mass is
minimized when the radiator temperature is three-
fourths of the coolant temperature of the reactor. The
ratio in Eq. (23) is a general result for the minimiza-
tion of the radiator mass in space-related systems and
is independent of whether it is a fission or fusion sys-
tem. If the ratio of 0.75 for the radiator-to-coolant

PRPG

Mg = prAgr = (22)
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temperature is substituted into Eq. (20) for the Carnot
efficiency, one obtains a Carnot efficiency of

e =025 . (4)

IV.B. Engineering Constraints on Fusion Reactors

Space-related fusion systems will have to operate
under constraints on reasonable size, magnetic induc-
tion, wall loading, and power density no less stringent
than those of ground-based fusion power plants. It has
been shown that magnetic fusion reactors, in order to
be of reasonable size and total power output and to be
within currently understood thermal or neutron wall-
loading limits, will have fusion power densities in the
range between 1 and 10 MW/m? (Ref. 24, Chap. 9).
If the fusion power density is much below 1 MW/m?,
the power plants are too large to justify the required
blanket and reactor structure that surround them;
above 10 MW/m?, thermal or neutron wall-loading
limits come into play. If anything, the thermal or neu-
tron wall-loading limits for space systems will be more
severely constrained than for ground-based applica-
tions of fusion reactors because of the difficulty of
replacing activated first-wall materials in space.

The fusion power density in a plasma with two
species of fuel is given by

prE812nHov); W/m? . (25)

Equation (25) makes it possible to relate a given fusion
power density to the total ion number density n; and
the kinetic temperature of a particular fusion reaction
between two fuel species. The plasma stability index
beta is given by

_ 2peeTin;G(v,Z)

B , (26)

B

where the parameter G(v, Z) is given by Eq. (8), and
B is the magnetic induction in the plasma, in tesla. For
a given plasma stability index 8, the ion kinetic tem-
perature and the ion number density are constrained
by the relationship

___ B8
Z“OeG('YsZ) )

Figures 10 and 11 show the operating regimes for
three fusion reactions of potential interest for space
applications, plotted on the ion number density-kinetic
temperature plane. Figure 10 shows the operating re-
gime for hydrogenic reactions. The cross-hatched re-
gions show the operating regimes for the D-T and
catalyzed D-D reactions, subject to limits on power
density between 1 and 10 MW/m?. The lower bound
on kinetic temperature is determined by the ideal igni-
tion temaperature, on the assumption that the electron
and ion kinetic temperatures are equal. These regimes
are determined, for the reactions indicated, by Eq. (25).

T/n; 27)
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The straight lines running from the upper left to the
lower right are defined by Eq. (27), for2<=B =<8 T,
and for a plasma stability index beta of 20%.

For the D-T reaction, Fig. 10 indicates that mag-
netic inductions in the plasma between 2 and 4 T
should be sufficient to maintain power densities be-
tween 1 and 10 MW/m?3. It also indicates, however,
that the catalyzed D-D reaction requires magnetic in-
ductions between 6 and 8 T to maintain fusion power
densities between 1 and 5 MW/m?. As has been
shown elsewhere (Ref. 24, Chap. 9), for values of 8
lower than the 0.20 illustrated in Fig. 10, magnetic
inductions stronger than those shown are required; for
values of 8 above 0.20, the catalyzed D-D reaction can
be burned in plasmas with weaker magnetic fields than
those shown in Fig. 10.

Figure 11 shows the operating regime for the D3He
reaction in a magnetic confinement system with a plasma
stability index of 0.20. At this beta, burning the D*He
reaction is marginal in terms of its demanding engi-
neering requirements. Such a D3He reactor could
operate at a power density of only 2 or 3 MW/m? by
using a magnetic induction in the plasma of ~8 T. At
higher values of beta, above 0.4, the magnetic induc-
FUSION TECHNOLOGY
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Fig. 11. Operating regime for the D*He reactionin a 8 =
0.20 confinement system.

tion curves move to the upper right, and it becomes
possible to burn the D3He reaction at power densities
up to 10 MW/m? in magnetic inductions well below
8 T, within reach of the current state of the art.
The results of a detailed study (Ref. 24, Chap. 9)
indicate that the D3He and catalyzed D-D reactions
can achieve power densities up to 10 MW/m? under
existing engineering constraints, second in this respect
only to the D-T reaction. The D-T reaction can achieve
power densities between 1 and 10 MW/m? at mag-
netic inductions below 8 T for values of the plasma
stability index as low as a few percent. The catalyzed
D-D and D*He reactions require a beta of at least
0.20 to bring their operating regime down into the
range of feasible magnetic inductions, here taken to be
below 8 T in the plasma. This value of beta is approx-
imately three times the best values achieved to date in
tokamak experiments, such as the D III-D. It is there-
fore unlikely that these advanced fuels can be burned
in the classical tokamak confinement configuration.

IV.C. Limits on Nonself-Sustaining Reactors

It is intuitively obvious that a fusion power plant
that requires a large recirculating power fraction to
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maintain the plasma will pay a severe penalty in mass
and reliability, compared with a self-sustaining fusion
reactor in which cold incoming fuel is heated to the
operating temperature by charged reaction products
and in which only small amounts of power are needed
to operate the reactor. It is desirable to make this
intuitive picture more quantitative, and this can be
done by placing constraints on the heating power frac-
tion, defined in Eq. (11), and then determining whether
these constraints result in engineering parameters that
might reasonably be achieved by proposed magnetic
confinement systems requiring recirculating power
flows.

A constraint on the heating power fraction Fyy;
can be obtained from the generalized Lawson criterion
of Eq. (7) by noticing that Eq. (7) has a denominator
consisting of the difference of two terms. When this
denominator is zero, infinite values of the Lawson
parameter n7 are implied. By setting the denominator
of Eq. (7) equal to zero and solving for the heating
power fraction, one can obtain the minimum possible
heating power fraction that will lead to steady-state
operation of a generalized fusion power plant,

S(T!)?H(y, 2)
Mg E3¢ovdz + S(T7)?H (v, Z)

(28)

Equation (28) places a limit on the power plant en-
gineering parameters, which are on the left side of
Eq. (28), and expresses this limit in terms of the kinetic
temperature of the plasma and the characteristics of
particular fusion reactions that appear in the terms on
the right side of the equation.

The minimum heating power fraction given by
Eq. (28) is plotted in Fig. 12 as a function of ion ki-

(F9i)min =

1.0

0.10

HEATING POWER FRACTION, Fyn;

l
]

0.001 A .
10° 10’ 10°? 10° 10°
ION KINETIC TEMPERATURE, T, (keV)

P R

Fig. 12. The power plant heating power fraction Fyn; as a
function of ion kinetic temperature for several
fusion reactions.
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netic temperature for the fusion reactions listed in
Table V. All magnetic fusion power plants with recircu-
lating power flows and power flow diagrams given by
Fig. 7 must operate above the curves shown in Fig. 12.
Since steady-state magnetic fusion reactors will oper-
ate between ion kinetic temperatures of 10 and 100 keV,
one must ask whether the heating power fraction re-
quired can be obtained in proposed power plant reac-
tor concepts containing recirculating power flows. In
this kinetic temperature range, there is quite a bit of
margin for the D-T reaction to operate, but even the
catalyzed D-D and D3He reactions may not be able to
simultaneously achieve the engineering parameters
required to raise the heating power fraction above the
values shown on this curve. These considerations re-
quire use of the D-T reaction in magnetic fusion power
plants requiring large recirculating power flows.

It has been shown above that the Carnot effi-
ciency, which minimizes the mass of the radiator in
space-related fusion or fission systems, is 0.25; this is
probably a reasonable guess for space-related power
plant energy conversion systems in any case, since even
ground-based technologies seldom reach values of 4 =
0.40. If we adopt a thermal efficiency of n = 0.25, then

(F1)min = 4CFMi)min - (29)

The product of the recirculating power fraction F
and the efficiency of the plasma heating equipment 7,
is called the plasma heating power fraction and is

plasma heating power
gross electrical output power

(Fi)min = (30)

The plasma heating power fraction of Eq. (30)
is plotted as a function of ion kinetic temperature in
Fig. 13. Since magnetic fusion reactors will operate
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Fig. 13. The plasma heating power fraction Fy, for several
fusion reactions, based on optimization of mini-
mum power plant mass.
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between 10 and 100 keV, it is clear that the D-T reac-
tion offers a substantial margin above the curve in
which D-T fusion power plants with recirculating
power can operate, even if the recirculating power
fraction is relatively low and the plasma heating equip-
ment rather inefficient. The plasma heating power
fraction required for the catalyzed D-D and D*He
reactions, however, is so demanding that it is almost
possible on these grounds alone to state that only the
D-T reaction will be capable of operating a space-re-
lated fusion power plant requiring significant recir-
culating power flows to maintain the plasma.

Figures 12 and 13 were both drawn on the assump-
tion that the plasma would have approximately equal
ion and electron kinetic temperatures, consistent with
current literature on D>He and other advanced fuels.
Figure 14 shows the limit on the plasma heating power
fraction for the D3He reaction, under conditions
where the electron temperature is lower than the ion
kinetic temperature. At the present state of develop-
ment of fusion research, it is not clear what physical
processes could bring about a severe depression of the
electron kinetic temperature relative to the ion kinetic
temperature. However, Fig. 14 indicates that if this
became possible, then the plasma heating power frac-
tion requirements might be sufficiently low, and that
D3He reactors employing significant recirculating en-
ergy flows to sustain the plasma might be possible.
Except for this (perhaps rather unlikely) possibility of
depressed electron kinetic temperatures, it appears that
only the D-T reaction can be used in magnetic fusion
power plants with large recirculating power flows, and
that in all cases one should attempt to achieve fusion
power plants for space applications that are self-
sustaining and for which the energy flows are internal-
ized within the plasma.

IV.D. inertial Fusion in Space

Over the past 20 yr, numerous design studies have
bec done on space propulsion systems using inertial
fus: 1. Most of these studies are of direct fusion
rock:ts of the type indicated schematically in Fig. 4 in
which the initiating energy pulse is provided by lasers
or particle beams. There have been few, if any, stud-
ies of inertial fusion systems for the primary purpose
of generating electrical power in spac:. The large recir-
culating power flows usually required for inertial fusion,
and the resulting mass penalties, may have discouraged
detailed studies of inertial fusion for such applications.

Another characteristic of most engineering design
studies of inertial fusion propulsion systems is that, as
indicated in Fig. 4, the neutrons and much of the radi-
ant energy are unshielded and escape freely into the
space environment. There appear to be few, if any,
engineering design studies of inertial fusion space pro-
pulsion systems that fully shield the neutron, charged
particle, and radiant energy fluxes produced by the
explosion of the pellets.
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Fig. 14. The plasma heating power fraction for the D*He
reaction with ion kinetic temperatures greater than
the electron kinetic temperature.

Another problem with inertial fusion space propul-
sion systems is that investigations of burn dynamics
with classified computer codes indicate that the energy
gains of advanced fuels are insufficient to marginal
for a pellet burn.” Two unclassified papers®’=*® on ad-
vanced fuel inertial confinement show that a special
pellet design (AFLINT) may be capable of burning the
D-D reaction, although with very high recirculating
power flows.?® For reasons such as these, published
design studies assume the D-T reaction, the very high
reactivity of which assures an adequate pellet burn. If
inertial fusion systems in space are limited to the D-T
reaction, the implications of this are rather serious for
the overall propulsion system. One must be concerned
about the risk inherent in the tritium fuel, as described
previously, and one must avoid contaminating either
the atmosphere or the magnetosphere with radioactive
tritium in the event of an accident or escape of the tri-
tium as unburned propellant from the reactor.

V. CONCLUSIONS

V.A. Fission Versus Fusion Power in Space

If both are feasible, the choice between fission or
fusion reactors for generating electrical power in space
depends on the relative electrical-specific mass in kilo-
grams per kilowatt(electric), which can be achieved by
the two systems and also on their reliability, relative
safety, and environmental impacts. The total mass of
a fusion propulsion system generating only a few
megawatts is likely to be small enough that a large rel-
ative mass penalty of one type of system over the other
might be acceptable if that system offered significant
advantages in safety, reliability, or environmental
impact. Interplanetary propulsion systems using fission
or fusion energy are likely to be so heavy, however,
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that the specific mass will be a dominant factor in
choosing between them. Figure 15 shows the result of
some engineering design studies of fission and fusion
systems, combined with a mission study for a manned
round trip from Earth’s orbit to Mars’ orbit."? In the
engineering design studies, the same data base was
used for the mass of radiators, electrical generators,
shielding, etc. for both the fission and fusion systems.
The implied comparison in Fig. 15 is somewhat better
founded than the comparison of Tables I and II, be-
cause it used this common data base for similar com-
ponents of these propulsion systems.

These studies indicated that the nuclear fission
electric propulsion system would have a specific mass
of 7 to 9 kg/kW(electric), and that the direct fusion
rockets would have a specific mass between 0.5 and 3
kg/kW(electric). The consequences of these different
specific masses for a round trip to Mars are shown by
the two curves, which indicate the round trip time for
a one or two stage vehicle. These data show that a
round trip to Mars might be made in as few as 90 to
240 days with a fusion propulsion system, but that the
same trip might require from 290 days to more than
1 yr if the fission electric propulsion system, with its
higher mass, were used.

V.B. Magnetic Versus Inertial Fusion in Space

For environmental and safety reasons discussed in
Sec. V.A, it appears that inertial fusion is at a disad-
vantage with respect to magnetic fusion for application
to space power and propulsion systems. Inertial fusion
systems may be restricted to the D-T reaction, raising
the possibility of contamination of the atmosphere
and/or the magnetosphere with radioactive tritium; it
appears difficult to shield the neutron, the charged
particle, and the radiant energy fluxes that result from
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Fig. 15. Comparison of fission and fusion propulsion sys-

tems for a manned Mars expedition.? Type 1I pro-
pulsion — Earth orbit to Mars orbit and back.
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the explosion of the pellets without paying a large
mass penalty for D-T inertial fusion systems. It ap-
pears difficult to burn advanced fuels with reduced
neutron production in inertial fusion systems because
of the relatively low reactivity of advanced fuels rel-
ative to the D-T reaction. Unclassified studies of
advanced fuel inertial confinement?"-?® have demon-
strated the feasibility of a fusion burn, although with
high recirculating powers.?® Further research is nceded
to demonstrate really attractive inertial confinement
fusion performance with advanced fuels. With the cur-
rent evidence, it appears that safety and environmental
considerations make inertial fusion systems a relatively
more difficult prospect for space applications than
magnetic fusion reactors, which, if they have low recir-
culating power flows, can burn advanced fuels.

V.C. Choice of Fusion Reaction for Space Applications

Figure 8 for the generalized Lawson criterion of
various fusion reactions, and Figs. 10 and 11, which
outline the physics and engineering constraints on
hydrogenic and D*He reactions, indicate that at kinetic
temperatures below 100 keV, only the D-T, catalyzed
D-D, and D*He reactions are capable of producing
power densities in the 1 to 10 MW/m? range at number
densities, confinement times, and kinetic temperatures
that are modest extensions of current D-T tokamak
research.

If it is desired to minimize the transportation, han-
dling, and leakage of tritium into the environment,
only the catalyzed D-D and D*He reactions are avail-
able. If it is further desired to minimize the radioac-
tivation and shielding mass associated with high levels
of neutron production, that leaves only the D*He
reaction. With the current evidence, it appears that the
D3He reaction is the all-around best choice for space
applications of magnetic fusion energy.

V.0. Space-Related Constraints on
Confinement Concepts

If magnetically confined advanced fuel fusion re-
actors are used in space, some general constraints can
be placed on the confinement concepts that are re-
quired to burn advanced fusion fuels. Figures 10 and
11 imply that a plasma stability index 8 > 0.20 will be
required to burn advanced fuels in magnetic fusion
reactors with useful power densities in the 1 to 10
MW/m? range and with a magnetic induction in the
plasma below 8 T. Figure 13 indicates that such ad-
vanced fuel magnetic fusion reactors should be self-
sustaining, since the requirements on the plasma power
fraction for the D3He reaction would be very hard to
satisfy in a propulsion system with significant recir-
culating power flows. Finally, reliability considerations
will almost certainly bias the technology toward steady
state rather than pulsed magnetic fusion concepts.
MAY 1989
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Plasma heating by collisional magnetic pumping is investigated theoretically. This treatment
yields solutions to the energy transfer equations in the form of an energy increase rate, which
gives quantitatively the amount of energy increase per rf driving cycle. The energy increase
rates (or heating rates) proportional to the first and second powers of the field modulation
factor & (defined as the ratio of the change in the magnitude of the magnetic field to its
background dc value) are derived for an arbitrary rf waveform of the pumping magnetic field.
Special cases are examined, including the sinusoidal and sawtooth pumping waveforms. The
energy increase rate in the case of a sawtooth waveform was found to be proportional to the

first power of § (first-order heating). This heating rate is many orders of magnitude larger
than heating for the sinusoidal case: The latter is proportional to the squ ire of § and is strongly
dependent on the collisionality of the plasma. The use of a sawtooth pumpiug waveform
improves the efficiency of collisional magnetic pumping and heating rates comparable to those
possible with ion or electron cyclotron resonance heating methods may be achieved.

I. INTRODUCTION

Collisional magnetic pumping'~ is achieved by wrap-
ping an exciter coil around a cylindrical plasma and perturb-
ing the confining magnetic field B = B,[1 + 6/(¢)], where
B, is the uniform steady-state background magnetic field, &
is the field modulation factor defined as 5§ = AB /B, and f(¢)
is a periodic function of time. Figure 1 illustrates such a
situation. The onigins of collisional magnetic pumping date
to the beginnings of fusion research in 1953,' when Spitzer
and Witten proposed to heat a plasma with a sinusoidally
perturbed magnetic field. The theory of collisional magnetic
pumping with a sinusoidal magnetic perturbation was first
published in the unclassified literature by Schluter in 1957.2
Early theoretical research by Berger and others at the
Princeton Plasma Physics Laboratory, following the work of
Spitzer and Witten,' was summarized by Berger efal.’ These
authors, in agreement with Schluter,? quoted a heating rate
proportional to the square of the magnetic field perturba-
tion, which was also a strong function of the collision fre-
quency of the plasma. The work of Berger et al.* appeared in
subsequent texts*° without embellishment. No further work
on collisional magnetic pumping appears to have been done
until recently,’-? possibly because the low heating rates re-
sulting from a sinusoidal magnetic perturbation were of sec-
ond order and orders of magnitude smaller than that of com-
petitive heating methods such as ion or electron cyclotron
resonance heating.

Contrary to ohmic heating, where the electric field is
parallel to the confining axial magnetic field, the oscillating
electric field in collisional magnetic pumping is produced by
variation of the axial magnetic field and thus is perpendicu-
lar to the field. This type of heating is called “‘magnetic

*' Present address: Department of Electrical Engineering, Technical Uni-
versity, Sfax, Tunisia.
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pumping’ as a result of the existence of a compressional
wave propagating perpendicular to the background magnet-
ic field and causing the plasma to be cyclically compressed
and relaxed by an alternating E X B force. This is illustrated
in Fig. 2. The compressive wave is a magnetosonic wave (or
magnetoacoustic wave). The magnetosonic wave is an ex-
traordinary electromagnetic mode with a frequency well be-
low the gyrofrequency. Contrary to Alfvén waves, which
travel along B,, magnetosonic waves travel across B, at the
Alfvén speed V, = B,(1/unym;)'’?, where n, is the
charged particle density, m; is the ion mass, and yu is the
permeability of the plasma.

To achieve collisional heating the following inequalities
have to be satisfied’:

Ty €T ~T, €Ty,
where .., 7., 7,, and 7,, are, respectively, the gyration peri-
od, the collision time, the period of the osciliating field, and
the transit time of the particles through the heating region.
The particles suffer many collisions while crossing the heat-
ing region, but since the period of the oscillating field is
much larger than the gyration period, the magnetic moment
of the particles is a constant of motion between collisions.
The magnetic field assumes the form B = B,[1 + §f(1)],
where 8 €1, so that the external oscillator provides a small
perturbation on the original static magnetic field. If the heat-
ing region is of length L and the parallel velocity of the parti-
cles is v, the above inequalities can also be written as

vw/Lgv. ~0<€o,, A
where v,, , and o, are, respectively, the collision frequen-
cy, the driving frequency, and the gyrofrequency.

Il. THEORETICAL ANALYSIS

In the absence of collisions, the constancy of the mag-
netic moment makes it possible to obtain a relationship

© 1889 American Institute of Physics
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between the time rate of change of the perpendicular compo-
nent of the energy and the time rate of change of the magnet-
ic field. Thus by taking the derivative of the magnetic mo-
ment i = E, /B with respect to time we obtain

= —_—, 1
dt B dt B! di M
from which we obtain
dE E
@ _L dB 2)
d: B di
The total energy E of the ions is given by
E = E" + El ’ (3)

where E, is the ion energy along the magnetic field lines and
E, is theion energy perpendicular to the magnetic field lines,
with two degrees of freedom.

If no collisions occur, the perpendicular component of
the ion energy E, oscillates with the frequency w and no net
heating occurs. However, if collisions do occur, some of the
energy in the perpendicular component is transferred to the
parallel component E . In kinetic equilibrium, the parallel
component of the energy will be equal to one-half the per-
pendicular component as a result of equipartition. When the
perpendicular component is driven by magnetic pumping, a
periodic departure from equipartition occurs and energy can
be transferred between the parallel and perpendicular com-
ponents. This may be expressed mathematically by adding a
collisional term to Eq. (2)*:

E
iE.‘_=_E_‘£__ c(_‘__E“), (4)
dr B di 2
dE E
G=5-5) *)

Now summing Eqgs. (4) and (5) and using Eq. (3) one ob-
tains

Thus the rate of change of the total ion energy is proportion-
al to the magnetic moment and the time rate of change of the

magnetic field.

VR N
- N
—_— N—

—_—

(®) ®)
FI1G. 2. Particle orbits in a sinusoidally perturbed magnetic field. (a) Plas-
ma compressed during the positive half-cycle, (b) plasma relaxed during
the negative half-cycle.
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The net energy transfer can be obtained by taking the
second denvative of Egs. (6) and then using Eqgs. (4) and
(5) to eliminate the first derivative of the parallel and per-
pendicular components of the energy. Further, using Eq.
(6) to eliminate the perpendicular component of energy one
obtains
d? _[__}_ dzB(d_B)“ dE v, dB

? 2

V. + — —_———FE=0.
dt dr- \ dt di B dri
(7)

Substituting the expression B = B,[1 + 8f11)] for B into
Eq. (7) yields

2 - +
BE (D LOEE_ SO g,
di? 2 S/ di 1+ 8f(2)
Let
AW =3v. =[O/ (D), (C))
gy = —v{f /1 + 800} (10)
Equation (8) can be written as
2
d—f‘.+A(1)£+5g(r)E=o. (1)
dr- dt

Equation (11) is a homogeneous linear differential equation
of second order with periodic coefficients; it describes the
change in the total energy of the particles due to collisional
magnetic pumping. Examples of such equations are the
Mathieu and Hill equations which appear in astronomical
and other applications, where the stability and perturbation
of periodic systems are at issue. The general solutions of
these equations have been given by Floquet. ' Floquet’s the-
ory predicts a solution of the following form:

E(1) =a,e’'P,(1) + a,e*'Ps(1). (12)

The parameters A, and 4, are called the characteristic expo-
nents and can be calculated from the characteristic equation
associated with the differential equation; P,(7) and P,(¢) are
periodic functions with a period equal to that of the coeffi-
cients of the differential equation. Since 5 = AB/B, is a
small quantity, Eq. (11) can be solved using a perturbation
treatment around the parameter é. The characteristic expo-
nents 4, and 4, can be represented by the series”™

Av=—3v. +68l, + 8+ -, (13)
Ay =8l + 8L + ... (14)

The solution associated with 4, is damped in time sinc-
the first term dominates the series and therefore does not
represent steady-state heating. For this reason, only the solu-
tion associated with A,, with positive coefficients /,, will be
retained and used. The solution representing heating is then
expressed as

E(1) = &' 'Py(1). (15)
Now P,(t) can be expanded as a series of the powers of 5 as
Pl(l)=P20+6P2|(1)+62P22(1)+"', (16)

where P,,(t) are periodic functions. The initial value is P,,
and is set equal to 1 for the sake of simplicity. Now, by using
the solution predicted by Floquet’s theory'’ along with the
above perturbation treatment, Eq. (11) can be solved for the
different powers of the parameter 4.
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Solving for the first power of §, g() can be expressed as
g = —v /), an

E(n) =1t + Py(1). (18)
Equation (11) is then reduced to
d’P,,(1) dpP,, (1)
e + A1) a (1) (19)
where
K(t) = —g(t)y — 1,A(1). (20)

The homogeneous solution associated with Eq. (19) can be
obtained by multiplying by the integrating factor”

exp(J- A(u)du).
0

The homogeneous equation can then be written as

d ' dP
dt[exp(—[) (u)du) dt b

which leads to the solution

Pz,(t)=C,+C2I e “ds, (22)
0
where
a(t)=fA(u)du. (23)
0

The general solution of Eq. (19) is calculated as follows.
Multiplying Eq. (19) by the integrating factor e*’ and inte-
grating once, we find the expression
Py (1) =Cre " 4" I K(s)e *9ds. (24)
0
Integrating (24) gives

Py (1) =C, + sz e~ “Vds
0

+J‘ e——a(\')(J K(u)eu(u))ds.
0 0

The second integral in Eq. (25) is integrated by parts and is

J‘ —a(\)(J‘ K(u)eu(u))ds
=U ““"’du)U K(u)e““”du)

(25)

- J.’ (J e v du)K(s)e““’ ds. (26)
Equation (2"5) l:ecomes
a1 =G, [ e s ([[ -0 )
XU' e""”K(u)du)
o
- J: eam(J: o a0 du)K(s)ds. Qn

The fact that P,,(¢) is a periodic function gives the condi-
tions

Pz|(T)“Pz|(O)=0: Pél(T)—Ph(o):o (28)
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Substituting (27) in conditions (28) leads to

T T r
Czj e"‘“"du+q e"'“"du)U K(u)e““"du)
(] (4] 0
T ]
— J (e"‘" J e v du)K(s)ds =0,
0 0

T
Cz(e"“n—e*"‘o’)-{—e_"‘”f K(s)e"“’ds:O. (30)
(V]

(29)

Note that e = “‘®’ = 1. Equation (30) gives

e-—a(n

1 —e -t

C, = J K(s)e*'" ds. (31

Substituting (31) into (29) and letting

als l T - ulu ' - ulu
Q(S)=e“(—_—l—e"“”£ e ’du——J(;e "du)

(32)
leads to the condition
r

J- K(5)Q(s)ds = 0. (33)

(]
Substituting K (1) = — g(¢) — [,A(¢) into Eq. (33) gives

T
N So 8(5)Q(s)ds . (34)
5T A(5)QO(s)ds

Substituting 4(¢) from Eq. (9) and Q(s) from Eq. (32) into
the denominator and integrating by parts gives

T
f A(s)Q(s)ds =T,
0

so that
] T
= - —J g(s)Q(s)ds. (35)
T Jo
Knowing that

g = —vf(1),

A =3v. = f O/ (1),
and

a(t) =3v.t—In( f'(1)/f'(0)),
the final expression for /, is

b=% [ o3 o) e
J; exp(-—-i—v u)/‘ (u)du
_J; exp( - % vtu)/’(u)du]ds.

The term representing heating in Floquet's'®
(15), is, after expanding €',
E(t) = E, + 8[1,tE, + P,,(1)] + higher order terms. (37)
The energy increase in a period T = 27/w is

AE = 6l,(2n/w)E,, (38)
where P,,(T) and P,,(0) cancel each other as a result of the

periodicity of P,,(1). Here E, is the initial value of the total
particle energy. The energy increase rate is given by

AE /T = 81,E,

(36)

solution, Eq.

3N
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Iil. SECOND-ORDER HEATING WITH A SINE WAVE
PERTURBATION

Let us now assume, as previously,'* that the back-
ground magnetic field has a sinusoidal perturbation super-
imposed on it according to the expression

B = By(1 + écos wi). (40)
Substituting f{1) = cos wt in Eq. (36) for /,, it is easily
shown that /; = 0. In this case, the energy increase is propor-
tional to a higher power of 4 than the first. Another way of
checking the result (40) and at the same time calculating the
next coefficient /, in the expansion is to retum to the initial
differential equation (8) and substitute cos wr for f(¢). In
doing this, Eq. (11) becomes

E=0.

2
d E_(_iv +wf:oswl)dE+
2 sinwt / dt
(41)

de?
Since 5 €1, the term (1 + & cos w?) ~' can be expanded in a
Taylor series:

(1 +8coswt) ~'=1 ~ &8 cos wt + higher order terms.

ov, sin wt
1 +d8cosawt

(42)
Substituting Eq. (42) into Eq. (41) one obtains
dE ( 3 a)coswt)dE
- _—V, + —
dr? 2 sinwt / dt
+ Sv.wsinwi(l —Scoswt)E=0. (43)
Using Eq. (15) for the part of Floquet’s solution'" that rep-

resents heating and solving for the first power of 8, Eq. (43)
becomes

2 3
1L“-+(l—wcotwl)&
dr? 2 di

= —%I,v‘. + L, cot ! — v_ @ sin wt, (44)

where P,, is set equal to 1 for the sake of simplicity.
The homogeneous solution of Eq. (44) is
Py (1) =Ce"""{acoswt + bsinwt} + C,,  (45)
where
a= —o/(e?+3v2), (46)
b= —jv/(w'+3v0). (47)
The particular solution of Eq. (44) is
Py(t)= — i+ v.asinwt — v .bcos wt + 1,a cot wt

+ (—1,/sin ot — { w)(a cos wt + bsin o).
(48)

Now setting the secular term equal to zero [since P, (¢) is
periodic] one obtains the result /, = 0. This is in agreement
with. what was previously predicted. Solving for the second
power of 5, Eq. (43) becomes

d’P 3 dpP,,
T;’-+(7v,-a)cotwt)T:

= — 3}y, + Lwcotwt + v, sin wt cos wt
— v sin wtP,,(1). (49)
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As previously, the interesting part of the solution is the par-
ticular solution and the important part of the particular solu-
tion is the part containing the secular term P . The latter is
found to be

P, = (3hv.b+alw—}vwa) (50)
Setting term (50) equal to zero and solving for /,, we obtain
L =v.0¥/6(w’ + V7). sn

To calculate the energy increase per cycle, the expression for
the energy has to be expanded as

E(1) = 'Py(1)
= (1 4+ 8Lt + ) [Py + 6P, (1)
+62P12(‘)+"']- (52)

Retaining only up to the second-order terms in 8, E(f) can
be expressed as

E(1) = Pyo + 8P, (1) + 8Py (1) + LtPy)

+ higher order terms in 8. (53)
At t = 27/ w, the energy has increased by
AE = §81,(2n/w)E,, (54)

Inserting the expression for [, in Eq. (54) gives

AE = §Ey(n/3) [v.w/(} V] + &) ]joules/cycle. (55)
The energy increase rate is found by dividing AE by
At = 27/w sec/cycle and taking the differential limit

dE _ & v,

at 3 m E() Joules/sec. (56)

The result (56) agrees with the one found by Schluter? and
Berger et al.” Equation (56) can be written as

4E _E,

= akE, 57
dt 71, * S
where 7,, is the heating time defined as
Th=6[ (39} + 0’)/80’v, ] (58)

and a=1/7,, is the heating rate coefficient. The optimum
frequency at which the heating rate coefficient is maximum
is

Doy =3V, (59)
and the value of a at this frequency is
., =6, /12. (60)

For a highly collisional plasma, v, »» and the heating
rate can be approximated by
dE 2 8
= . -7 61
dt =21 v, " (b
On the other hand, for a relatively collisionless plasma,
v. €@ and the heating rate can be expressed as

dE &%,
dt” 6
As seen in the above analysis, the heating rate is propor-
tional to v, in the low collisionality case and to v, ' in the

E,. (62)
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ghly collisional case. Figure 3 is a schematic plot of the
ating rate coefficient a, the inverse of Eq. (58), versus the
llision frequency. The fact that the collision magnetic
imping heating rate for a sinusoidal excitation has a maxi-
um at v, = 2w/3 can be used as a diagnostic for the effec-
re collision frequency; the maximum energy coupling to
e plasma occurs here and can be measured with standard rf
chniques.
To get a feeling for how different the rates of energy
crease are in the above two cases, let us consider a plasma
fusion interest operating at the following parameters:
=2keV,4=2,n=10"/m? L=05m, and B, =20
The binary particle collision frequency in this case is
=uv, = 1/7, =313 Hz, leading to a heating rate coeffi-
znt

a=58v,/6=528/sec. (63)

‘ow if anomalous resistivity is present in the plasma, the
slliston frequency due to turbulence, etc. can be on the or-
er of S MHz,'' leading to a maximum heating rate coeffi-
ent of

a,,, =06% /12 = 4.2 10° §*/sec. (64)

rom the examples (63) and (64) it can be seen that the
sllisionality of the plasma can make a big difference to the
Ficiency of this heating method. If the plasma is turbulent,
articles not only collide among themselves (binary or Cou-
ymb collisions), but also scatter off the fluctuating electric
eld associated with the turbulence: As a result of this latter
rocess, an anomalous momentum loss occurs, which en-
ances the collision frequency. These enhanced total colli-
on frequencies have been observed in our laboratory using
method based on broadening of the electron cyclotron ab-
»rption resonance.’' These anomalous momentum losses
'om the electron population should be equivalent in eveLy
‘ay to those arising from binary coulomb (or electron neu-
al) collistons. This enhanced collision frequency, called
1e “effective collision frequency,” is found to be 10-20
mes higher than the binary collision frequency.'’

/. FIRST-ORDER HEA ING WITH A SAWTOOTH
ERTURBATION

The dependence of the heating rate coefficient on the
juare of the field modulation factor 8 constitutes a major

IG. 3. Heating rate coefficient versus collision frequency.
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FIG. 4. Magnetic field waveform for a sawtooth perturbation.

disadvantage for the application of a sine wave perturbation:
This is because 8 is a small number, which makes §° even
smaller; therefore, a relatively small energy increase is
achieved. In Ref. 9 it was shown that a triangular waveform,
with a ramp down that is adiabatic in the sense of preserving
the magnetic moment of the particles, also leads to second-
order heating by collisional magnetic pumping. A heating
rate coefficient proportional to the first power of the field
modulation factor would be an improvement. To accom-
plish this, a perturbation function satisfying Eq. (33) has to
be found. Various modulation waveforms for B(¢) have been
tried: The choice of these had the physical basis that a undi-
rectional flow of energy had to be maintained, in contrast
with the sinusoidal case, where the magnetic field in the
heating region is cyclically above and below the background
value. This leads to a gain of perpendicular energy in the
positive half-cycle and a loss of energy in the negative-half
cycle. Any heating is therefore a second-order effect result-
ing from small differences of large numbers. Also important
in the choice of the perturbation function is the ability to
pump the plasma adiabatically and repeatedly for periods of
time separated by very short durations during which the
plasma is not allowed to relax. A sawtooth perturbation has
been found to be an answer to the above requirements.

If a sawtooth perturbation is applied, the total magnetic
field expression takes the form

B=B,(1+6t/T), for nT<t<(n+1)T. (65)
For the remainder of this section, the time ¢t = T ~ is defined
as the time just before the magnetic field sharply decreases
[B(T ") = By(1 + &8)}andthetimer = T * isdefined asthe
time at which the magnetic field is equal to its background
value B,,. Figure 4 shows the waveform assumed for the mag-
netic field. The perturbation function is a repetitive ramp
with a period equal to T= T *. Since an instantaneous drop
of the current generating this perturbation of the magnetic
field is not feasible, an appropriate assumption would be that
the fall time of the current is shorter than the collision time
and is nonadiabatic in the sense that the magnetic moment is
not conserved during the drop of the magnetic field.

The differential equation describing the change of ener-
gy during the time interval [0,7] is given by

v /T
‘1 +6t/T

d’E 3 dE

2242y = E=0. (66)
dt? 2 dt
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The term (1 + 8¢ /T) ~' can be expanded as
(V+8/T) '=1-6¢/T+ - . (67)
Substituting Eq. (67) into Eq. (66) one obtains
L i E e
Retaining only the terms to first order in 8 in order to solve
for first-order heating, Eq. (68) becomes

4d°E 3,4, Sp (69)
dt* 2 " di T
The solution of Eq. (69) is
E(t) + C,e"' + Cye™, (79)
where r, and 7, are given by
n=iv{-1+[1+%/v. D], (M
n={v.{-1-[14+4%6/v.ND]"} (72)

The term (1 + 4 8/v_ T)'/? can be expanded as
[1+%8/v. D] =1+§8/v. D
+ higher order terms. (73)

Substituting Eq. (73) into the expressions for 7, and r, and
retaining only the first-order terms in §, we obtain

r=§8/D, (14)

n=—3v.[2+3(6/v.D). (75)
The initial conditions are given by

E(0) = E,.. (76)

dE| L2 2D

dt -0 T3

Applying the initial conditions (77) to the expression of
E(1) and solving for C, and C, yields

C =E, (78a)
C,=0. (78b)

The solution of Eq. (69) subject to the initial conditions
(78a) and (78b) is

E(l) - E"e(z/.lmu/‘n_ (79)

This solution is only good in the time intervai 0<t < 7 and
for 8/v.T«€1. Att = T, the energy is

E~E‘,e(2/l)h~£"(l + is)’ (80)
which yields
AE=E(T") — E(0) =36E, (81

Now let us examine what happens to the energy during
the sharp fall of the magnetic field between 7~ and T *.
During this time, the assumption of the constancy of the
adiabatic invariant may be violated; thus we have

dp _VdE, E dB (82)
dt B di B? di
Equation (82) can be written as
dB du
—_—=py— 4+ B 83)
di #dl dt (
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Since no collisions occur between 7~ and T *, we have

9k, _ . (84)
dit
Summing Eqgs. (83) and (84), we obtain
d4E =u d—B- + 8 u )
dr dt ds
Equation (85) can also be wnitten as

AE AB Au
— 4tu—+8B= (86
At K At At )

(85)

or
AE =uAB + BAyu. (87)
The change in magnetic moment Ay is given by
Au=pu(T*) (T, (88)
with
(T ) =E (T~ /By(1+9), (89)
w(T*)=E(T*)/B, (90)

Since no collisions occur between 7~ and T *, we assume
that no appreciable change in the perpendicular energy oc-
curs. Thus we have

E(T*)=E (T )Y=(1+8)E (0). 91)
As a result of equipartition we have

E (0) =1 E,
which yields

Ay =16(E/B,). (92)

Inserting Eq. (92) into Eq. (87) and substituting A8 by
( — 8B,) we obtain

AE= —u(T " )8B,+ B(T ~){56(Ey/B,). 93)
Using the facts that

u(T ") =EJ/B,), (94)

B(T")=(1+6)B, (95)
Eq. (93) becomes

AE = 8’E,. (96)

Summing Eqgs. (96) and (81) the energy increase per cycle is
found to be

AE=36(1+0)E, (97)
Since 8§ €1, Eq. (97) can be approximated as
AE =1 6E, (98)
The heating rate dE /d is given by
dE _ bw
—="EFE 99
dt 317’ » ( )

where the period of the sawtooth is taken as T = 27/w.

Equation (99) suggests that first-order heating is achie-
vable with a sawtooth perturbation and that the heating rate
is independent of the collision frequency.® This is an interest-
ing result and of key importance for fusion machines, where
the mean free path is larger than the plasma length.

To check this result, the generalized theory for first-
order heating already presented is applied.’ Substituting
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J'(1) by its value for a sawtooth perturbation in Eq. (36)
yields the value of the coefficient /,:

l, = w/3m. (100)
Using Eq. (39), the heating rate is found to be
9E _ o1, = 2 E, = BE, (101)
dt m
where S is the heating rate coefficient given by
B = bw/3m. (102)

Equation (102) is in agreement with the result of Eq. (99).°
The independence of Eq. (102) of the collision frequency is a
consequence of the collisionless “resetting” of the magnetic
induction during the sudden drop on the trailing edge of the
sawtooth in Fig. 4. This effect allows the perpendicular ener-
gy to increase linearly in time without a decrease associated
with the decreasing magnetic field. This perpendicular ener-
gy will be carried to the parallel compohents as long as there
are any collisions at all. Thus the drop at the trailing edge of
the sawtooth need not be so fast as to be nonadiabatic in the
sense of violating the constancy of u; the drop-off time can be
any duration shorter than the collision time.

V. COMPARISON BETWEEN FIRST-ORDER
COLLISIONAL MAGNETIC PUMPING AND OTHER
PLASMA HEATING METHODS

In order to have a quantitative idea of how beneficial it is
to achieve first-order heating by collisional magnetic pump-
ing, we have to answer the following question: How does this
heating rate compare to other plasma heating methods?

First, let us compare the two heating rate coefficients
obtained when sinusoidal and sawtooth perturbations are
applied to collisional magnetic pumping. For this, the ratio
of the two coefficients given by Eq. (102) and the inverse of
(58) is taken to be

B/a = (8w/3m) [6(3 Vi + 0*) /8w, ], (103)

where £ and a are, respectively, the heating rate coefficients
for a sawtooth and a sinusoidal perturbation. Assuming that
the rf driving frequency and the field modulation factor é are
the same for both cases the ratio (103) becomes

B/a = (3V} + 20°)/mbwv.. (104)

If the plasma is highly collisional, we have v_ » w and
Eq. {104) becomes

B/a = (9/2m) (v /bw). (105)

The ratio (105) is much larger than unity. For a small § and
a large collision frequency to driving frequency ratio, £ can
be as much as three orders of magnitude larger than a.

If the plasma is “‘collisionless,” we have » v, and Eq.
(104) becomes

B/a= (2/m)(w/bv,). (106)

As in case (105) the ratio (106) is much larger than unity;
for a small value of § and a large w/v_, B can be two or three
orders of magnitude larger than a.

The ratio B /a is minimum whenw = (3/2) v_,anditis
given by
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B/a =6/mé. (107)

Equation (107) is still a number greater than 1. For a field
modulation factor of 1%, we have '

B=19la. (108)

It therefore appears that in all cases first-order heating is an
improvement on second-order heating. First-order heating
provides a heating rate coefficient at least one order of mag-
nitude larger than otherwise possible with second-order
heating.

Ion or electron cyclotron resonant heating is one of the
most efficient and widely used heating methods in fusion
experiments: The maximum energy increase per cyclotron
period obtained by this method is given by®

AE, = mE(2mE,)''*/B,, (109)

where E is the electric field amplitude of the wave, B,, is the
background magnetic field, and E, is the perpendicular
component of the energy whose equipartitioned value is
equal to 2/3 of the total energy. The energy increase rate is
given by

y=AE /7. =qE(E /2m)'"?,

where 7. is the cyclotron period given by

(110)

(111

To compare the energy increase rate (110) to the one
obtained by first-order heating with collisional magnetic
pumping, their ratio is taken to be

1. = 2wTm/4B.

BE,y = [6w(2m)"'%/3nqE |(E/E ™). (112)

To acquire a quantitative idea of the ratio (112), consider
the following characteristic values of the plasma parameters:
Let w = 27107 rad/sec, § = 107% E=100 V/cm, E, = 1
keV, and the plasma consists of helium ions. The value of
BEy/yis

BE/y = 145%.

Keeping in mind that the ratio (112) is taken for the maxi-
mum value that the ICRH (ion cyclotron resonance heat-
ing) rate y can reach, it can be concluded that first-order
collisional magnetic pumping is a heating method that may
be competitive with other widely used methods such as
ICRH.

VI. CONCLUSION

The equations describing the rate of change of the ener-
gy of the particles in a plasma adiabatically pumped with
collisional magnetic pumping are presented. A general solu-
tion for first-order heating along with particular solutions to
the energy increase rate for two specific magnetic field per-
turbations are derived.

When a sinusoidal perturbation is superimposed on the
background magnetic field, a heating rate proportional to
the second power of the field modulation factor é is obtained.
This is in agreement with the results of Schluter’ and Berger
et al.® This heating rate is also strongly dependent on the
collisionality of the plasma. A maximum heating rate is
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achieved when the driving rf frequency is 1.5 times larger
than the collision frequency.

The application of a sinusoidal perturbation has two
major drawbacks. The first drawback is the dependence of
the heating rate on the second power of the field modulation
factor &, this number is less than unity and its square is even
smaller. The second drawback is the strong dependence of
the heating rate on the collision frequency. This is especially
disadvantageous for a fusion-grade plasma, where the mean
free path is larger than the plasma length. These two draw-
backs result in a small energy increase rate. In the past, these
factors apparently led researchers to neglect this heating
method.

In the search for more satisfactory results, a heating rate
proportional to the first power of the field modulation factor
and weakly dependent on the collision frequency was need-
ed. A sawtooth perturbation proved to be an appropriate
choice. The heating rate for this case is two to three orders of
magnitude larger than that for second-order heating and is
comparable to other widely used plasma heating methods.
An experimental demonstration of this first-order heating
has been presented elsewhere.”
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Computational treatment of collisional magnetic pumping
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When collisional magnetic pumping is applied to a plasma, the heating rate depends strongly
on the nature of the waveform of the magnetic perturbation, whether sinusoidal, triangular, or
sawtoothed in time. Numerical solutions to the energy transfer problem are obtained when
these waveforms are applied to heat a plasma, and compared with previously obtained
analytical results using small perturbation theory where these results are available. A specially
written FORTRAN program computes the numerical values of the parallel, perpendicular, and
total energy at each time increment. The plasma heating rates and optimum heating conditions
derived from this study are in good agreement with analytical limiting cases and available
experimental data, except when the perturbation amplitude becomes large er

analytical results no longer hold.

i. INTRODUCTION

Magnetic pumping is achieved by wrapping an exciter
coil around a cylindrical plasma and perturbing the confin-
ing magnetic fiel¢ B = B,[1 + §f(1)), where B, is the uni-
form steady-stat: ackground magnetic field, & is the field
modulation factor defined as 6 = AB /B, and f(¢) is a peri-
odic function of time. Contrary to Ohmic heating, where the
electric field is parallel to the confining axial magnetic field,
in magnetic pumping the oscillating electric field is pro-
duced by variation of the axial magnetic field and thus is
perpendicular to it. This type of heating was called “‘magnet-
ic pumping™ due to the existence of a compressional wave
perpendicular to the background magnetic field, causing the
plasma to be cyclically compressed and relaxed by an alter-
nating E X B force. Under favorable conditions, the mechan-
ical energy exerted by the compressing force would ultimate-
ly be absorbed by the plasma and lead to heating of the
charged particles.

Depending on how plasma parameters and the driving
force relate to each other, different heating regimes are ob-
tained. In the case of collisional magnetic pumping, which is
the main interest of this paper, the collisions are the media-
tor between the rf field and the charged particles. To achieve
heating by collisional magnetic pumping, the charged parti-
cles should collide before leaving the heating region. Math-
ematically, the following inequalities have to be satisfied:

W, €V, ~0 €W,,,
where w,,, v, , and w,, are, respectively, the transit fre-
quency through the heating region, the collision frequency,
the rf field frequency, and the particle gyrofrequency.
Magnetic pumping was first suggested as a heating
method (for the Stellarator) by Spitzer and Witten in 1953."
A theoretical analysis was published by Schluter,* and also
by Berger ef al.’ a few years later. These papers constitute
most of the very limited early literature on this subject. This
was so because heating by magnetic pumping was first part

*’ Prese:
versity. sfax, Tunisia.
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of a classified project, and later was neglected due to the
attention given to other more promising heating methods,
such as ton-cyclotron resonance heating. After a fallow peri-
od of nearly 30 years, there has been a revival of interest in
this heating method."~” This interest is a result of the demon-
stration that heating proportional to the field modulation
factor 6 rather than its square is possible. This enhanced
heating rate can be comparable with other rf-based methods,
such as ion- or electron-cyclotron resonance heating.*~

Il. AVAILABLE ANALYTICAL RESULTS

The process of energy transfer between the rf field and
the charged particles has been studied analytically, starting
from the assumption that for a magnetic field slowly varying
in time and space, the magnetic moment (defined as the ratio
of the perpendicular component of the kinetic energy to the
magnetic field) is a constant of the motion. It can be
shown >~ that a general equation relating the change in the
total energy of a particle to the change of the magnetic field
can be derived. This equation is

d’E 3 V. dB

2 -1
4LE_ __‘_+Q(i€) dE Y dBp_ 4 (1)
dt* 2 dr* \ dt dt B dt

This homogeneous, linear, second-order differential equa-
tion has periodic coefficients that can go to infinity periodi-
cally. Such equations usually appear in astronomical studies,
and their general solution was given by the French mathe-
matician Floquet.'’ Using Floquet’s theory and a perturba-
tion treatment, Schluter? and Berger er al.* derived the ener-
gy increase rate when a sinusoidal perturbation is applied.
The energy can be written in terms of the collisionality pa-
rameter v. T, where T = 27/w is the period of the periodic
perturbation, and v, T itself is the number of collisions per
field period. The energy increase rate for a sinusoidal pertur-
bation is

AE = 6°E, [27°0. T/3(iT* + 4m’) ] eV/cycle, )
where é is the field modulation factor and E, is the initial
energy in electron-volts. The analytical heating rates are all a
© 1989 American Institute of Physics
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function of the initial energy £, because Eq. (1) is a state-
ment about the thermally adiabatic heating rate, and not
about a complete energy balance of the plasma. In a steady-
state complete energy balance, the plasma particles would
iose the “‘memory” of their initial energy, in favor of the
prevailing kinetic temperature.

The optimum collisionality parameter, at which the en-
ergy increase rate is a maximum, is

v. T = 4w/3 collisions/cycle, (3)
and the value of this maximum energy increase rate is
(AE),.,. = 8°E,(m/9) eV/cycle. (4)

For a highly collisional plasma, v. T % I, and the energy
increase rate can be approximated,

AE=8E,(87/27) X (1/v, T ) eV/cycle, (5)

while for a relatively collisionless plasma, v, T<1, and the
energy increase rate becomes

AE=8E,(v. T /6) eV/cycle. (6)

These energy increase rates are valid for small magnetic field
perturbations 6 € 1. The upper limit of the validity of these
expressions can best be determined by computational inves-
tigation of Eq. (1) with a sinusoidal magnetic perturbation.
Equation (1) has recently been solved for the general
case in which an arbitrary periodic perturbation function
S(#) is assumed.**” A condition for the achievement of a
heating rate proportional to the first power of the field mod-
ulation factor & has been derived.>’ It is found that a saw-
tooth perturbation satisfies the condition for first-order
heating, and the energy increase rate for this case is

AE = {6E, eV/cycle. (7

max

For this case, the energy increase rate for § €1 is indepen-
dent of the collisionality parameter, and is two or three or-
ders of magnitude larger than the energy increase rate of the
sinusoidal perturbation giving rise to Eq. (2). Over what
range of 8 this improved heating might prove valid is, again,
best determined with a computational investigation of a saw-
tooth waveform in Eq. (1).

il. COMPUTATIONAL ANALYSIS

The theoretical treatment of collisional magnetic pump-
ing'"* provides us with small perturbation solutions to the
energy increase rate and how it relates to the collisionality of
the plasma. However, this approach fails to give a quantita-
tive picture of the evolution of the energy with time from the
instant that collisional magnetic pumping is turned on, and
also fails to give insight into the conditions for which this
small perturbation solution is no longer valid. For this pur-
pose, a numerical solution to the energy transfer equation is
sought. This solution provides us with numerical values of
the energy for each time increment. This series of numbers
can be plotted on an energy-time diagram. The energy in-
crease rate can be easily extracted from such a diagram and
compared with the analytical prediction discussed above.

The equations describing the variations of the parallel
and perpendicular components of the energy are given by*’
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dE, E
Gr=n(5-5) ®

and
dE, _E dB _ (ﬂ —E )
d B d \2 '/
Since the total energy is the sum of £, and E,, we also have
dE _ dE, dE,
dt dt dt
The magnetic field is given by
B=28,t +6f(1)], (1)
which gives
1 dB _ §f'(1)
B dr  1+6f(1)
Let

E, =x,

9)

(10)

(12)

E =y,
and
F(o) =6f"()/{1 +6fTn)].
Equations (8) and (9) can be written as
dx

— = —u.x+0.50.y, (13)
dt
and
dy
-d—,= —u.x—0.5v.y+ yF(1). (14)

For a given value of the collision frequency v,, a pertur-
bation function f(¢), and initial values x,, and y,, numerical
values of x and y are computed and tabulated for each time
step. A plotting routine furnishes the plots of x vs zand y vs 1.
The total energy is also plotted as z = x + y. The FORTRAN
program used has the flexibility of entering the values of the
collision frequency v, , the period of the rf waveform T, the
field modulation factor 4, the initial values of the energy
components, the total energy of the particles in electron-
volts, and the time step size. The y axis of the plots represents
energy in :lectron-volts and the x axis represents time in
units of the period of the rf waveform 7. The number of
periods plotted can be changed, allowing one to follow the
evolution of the energy far enough in time to observe any
transient period, along with any steady state reached. This
program is available as an appendix to Ref. 7, or from the
authors.

Three waveforms have been studied, the sinusoidal,
triangular, and sawtooth waveform. These waveforms can
be, or have been, implemented experimentally.”” This not
only allows a comparison between theory and experiment,
but also gives a sense of practicality to this work. Since the
collision frequency and how it relates to the rf frequency is
an important parameter that affects the heating rate, we de-
fine a collisionality parameter, v_T, given by the product of
the collision frequency and the period of the rf wave. The
collisionality parameter is a dimensionless number that indi-
cates how many collisions occur during one rf period. By
varying v, T, different regimes are obtained and the resulting
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FI1G. 1. Magnetic field waveform for a sinusoidal perturbation.

heating rates are computed from the plots of the energy ver-
sus time.

IV. APPLICATION TO A SINE WAVE

When a sine wave perturbation is applied, results similar
to those first considered by Schluter’ and Berger et al.®
should be obtained. Figure 1 shows the waveform of the
magnetic field assumed. For a *“collisionless” plasma
(v.T=0.2), shown in Figs. 2 and 3, the total energy of a
particle oscillates with the field with only a very small in-
crease in its average value. This is consistent with the lack of
energy transfer between the parallel and perpendicular com-
ponents of the energy. For this case, the values of the field
modulation factor §, and of the initial energy £,, are chosen
to be, respectively, 0.1 and 300 eV. Figure 2 shows that after
a transient period of about 127, where T is the period of the
driving rf waveform, the parallel component of the energy
reaches a plateau at a level less than its initial value. Thisisa
phase-dependent effect, and averages out to the initial value
over all initial phase angles for f(¢). For a collisional plasma
(v. T = 6), Figs. 4 and 5 show that the average value of the
energy increases with time at a rate of about 0.85 eV/cycle, if
E, =300eVand § =0.10.
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FIG. 2. Parallel component of the energy versus time for 6 =0.1,
v, T=0.2 E, = 300eV, and a sinusoidal perturbation.
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FIG. 3. Total energy versustimefor8 = 0.1,v, T=0.2, E, = 300¢eV,anda
sinusoidal perturbation.
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FIG. 4. Parallel component of the energy versus time for § =0.1,
v, T=6, E, = 300 eV, and a sinusoidal perturbation.
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FIG. 5. Total energy versus time for § =0.1,0, T= 6, E, = 300eV,and a
sinusoidal perturbation.
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FIG. 6. Energy increase rate versus collisionality parameter for 6 = 0.1,
E,, = 300 eV, and a sinusoidal perturbation.

In Fig. 6, the energy increase rate is plotted against the
collisionahty parameter v, T at a field modulation factor of
& = 0.1 and an initial vaiue of energy of 300 eV. The solid
dots represent analytical results from Eq. (2), while the tri-
angles represent the computational r :sults obtained from en-
ergy plots similar to Figs. 2-5. The r:sults show good agree-
ment with the analytical prediction. The energy increase rate
is peaked, with a maximum at an op'imum value of the colli-
sionality parameter of about 4.2, in : greement with Eq. (3).

Figure 7 is a plot on a log-log scale of the energy in-
crease rate as a function of the field modulation factor for
several values of the collisionality par.meter, and an initial

)
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FIG. 7. Energy increase ratc versus ficld modulation factor for £, - 300
eV, several collisionality parameters, and a sinusoidal perturbation.

Phys. Fluids B, Vol. 1, No. 6, June 1989

A-32

Bo(i#d) j==—~—
BopE===~~

rk=-===--~-
-‘— —-—— -
b

FIG. 8. Magnetic ficld waveform for a triangular perturbation.

value of the energy of 300 eV. A slope of 2 indicates that the
energy increase rate is proportional to the second power of
the field modulation factor 8%, which is also in agreement
with Eq. (2). The small perturbation approximation repre-
sented by Eq. (2) is good out to at least a field modulation
factor of 6 = 0.40.

V. APPLICATION TO A TRIANGULAR WAVEFORM

A triangular waveform of adjustable shape was selected
to study collisional magnetic pumping computationally be-
cause it is a general case, one limit of which is a sawtooth
waveform. Figure 8 shows the magnetic field when a trian-
gular perturbation is applied. If the ramping down time,
(T — L), is gradually reduced until it becomes zero, a transi-
tion to a sawtooth waveform is achieved. This allows one to
write a simple algorithm capable of showing the change in
the energy waveform when the transition between triangular
and sawtooth waveforms occurs.

First, asymmetrical triangular waveform with L = T/2
and a collisional case is applied by setting the collisionality
parameter v, T equal to 10. This implies ten collision: per
field period. A field modulation factor of § = 0.1 is chosen.
As seen in Figs. 9-11, the parallel, perpendicular, and total

108.0
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FIG. 9. Parallel component of the cnergy ver-.-
v, T = 10, £, = 300 ¢V, and a triangular perturbation

for §=0.1,
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FI1G. 15. Energy increase rate versus collisionality parameter for § = 0.1,
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which results in zero energy gain. For the sinusoidal pertur-
bation, Eq. (2) predicts a small heating rate of 0.05 eV/
cycle, which may be too small to be apparent in Fig. 14.
Setting the collisionality parameter equal to 20, an ener-
gy increase is also obtained, but of smaller magnitude than
the v T = 10 case. This, with the data in Figs. 9-14, indi-
cates that the energy increase rate has a maximum at some
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F1G. 16. Energy increase rate versus field modulation factor for E,, = 300
eV, several collisionality parameters, and a triangular perturbation.
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FIG. 17. Magnetic field waveform for a sawtooth perturbation.

optimum value of the collisionality parameter. Figure 15
shows a plot of the energy increase rate versus collisionality
parzmeter at a field modulation factor of § = 0.1, and an
initial value of the energy of E, = 300 eV. The maximum
energy increase rate is very close to the collisionality param-
eter of v, T = 4/3 predicted by Eq. (3) for the sinusoidal
perturbation case; the maximum value of the energy increase
rate in Fig. 15, AE=0.17 eV/cycle, is well below the maxi-
mum value of AE = 1.05 eV/cycle predicted by Eq. (4) for
the sinusoidal driving waveform.

The energy increase rate has been plotted in Fig. 16
against the field modulation factor on a log-log scale for
several values of the collisionality parameter. For all values
of the collisionality parameter, it has been found from solu-
tions similar to Figs. 9-14, that the energy increase rate is
proportional to the second power of the field modulation
factor. This dependence holds at least up to § = 0.50. The
above analysis has been done for several nonzero ramping
down times but no quantitative effects on the energy increase
rate have been observed.

VI. APPLICATION TO A SAWTOOTH WAVEFORM

When a sawtooth perturbation is applied to collisional
magnetw: pumping, the magnetic field assumes the wave-
form shown in Fig. 17. Many collisionality regimes have
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FIG. 18. Parallel component of the energy versus time for § = 0.01,
v, T=0.2, E, = 300 eV, and a sawtooth perturbation.
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FIG. 10. Perpendicular component of the energy versus time for 6 = 0.1,
v, T =10, E, = 300 ¢V, and a triangular perturbation.

energy oscillate with the field but their average values in-
crease with time. The total energy increase per cycle for a
particle with an initial energy of 300 eV is about 0.12 eV.
This compares with about 0.75 eV/cycle, predicted by Eq.
(2) for the sinusoidal case.

Now if the collisionality parameter is equal to 0.1, a low-
collisionality case is obtained for which one collision occurs
each ten field periods (see Figs. 12-14). Asshown in Fig. 14,
the total energy oscillates with the field, but its average value
does not increase significantly with time. The explanation of
this can be seen in Fig. 12, which shows the parallel compo-
nent of the energy as a function of time. For a transient peri-
od lasting approximately 157, where T is the period of the
driving rf waveform, the parallel energy increases, but soon
reaches a saturation plateau. As the field pumps the plasma
further, no energy transfer between the perpendicular com-
ponent of the energy and its parallel component occurs,
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FIG. 11. Total energy versus timefor 8 = 0.1,v, T = 10, £, = 300¢V,and a
triangular perturbation.
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FIG. 12, Parallel component of the energy versus time for § =0.1,
v, T=0.1, E, = 300 eV, and a triangular perturbation.
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FIG. 13. Perpendicular component of the energy versus time for § = 0.1,
v, T=0.1, E, = 300 eV, and a triangular perturbation.
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F1G. 19. Perpendicular component of the energy versus time for § = 0.01,
v, T=02, E,=300eV, and a sawtooth perturbation.

been tried but the energy increase rate was independent of
the collisionality parameter, as predicted by Eq. (7). Con-
trary to the triangular and sinusoidal waveform cases, the
energy does not oscillate, but keeps increasing with time, at a
rate of 20 eV/cycle when a particle of 300 eV initial energy
and a field modulation factor of § = 0.10 are assumed. This
linear increase is a consequence of a lack of thermal equilibri-
um during the sharp drop-off at the trailing edge of the wave-
form.*’ Figures 18-20 show the behavior with time of the
parallel, perpendicular, and total energy for a collisionless
plasma (v, T = 0.2). Figure 21 shows the total energy versus
time for a collisionless plasma (v, 7= 6).

The energy increase rate versus the collisionality param-
eter is plotted in Fig. 22, for a field modulation factor of 0.01
and an initial energy of 300 eV. The solid dots represent the
analytical results predicted by Eq. (7), and the triangles rep-
resent computational results obtained from the energy plots.
These results are in excellent agreement, and confirm the
fact that the energy increase rate is independent of the plas-
ma collisionality for the sawtooth driving waveform.

32304

ENERGY (V)

O 4T @ar 12T 16T 207
TIME (sec)

FIG. 20. Total energy versus time for § = 0.01, v, T = 0.2, E, = 300 eV,
and a sawtooth perturbation.
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sawtooth perturbation.
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FIG. 22. Energy increase rate versus collisionality parameter for § = 0.01,
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A log-log plot of the energy increase rate versus the field
modulation factor § is shown in Fig. 23. It shows that for
6<0.20, the relationship is linear with a slope near 1, but for
8> 0.20 the slope is no longer unity (itis about 2.27). This is
consistent with the analytical result of Eq. (7), which pre-
dicts first-order heating only for small field modulation fac-
tors. Figure 23 indicates that the small perturbation assump-
tion on which Eq. (7) is based breaks down above 6 = 0.20.
Figure 23 also indicates that for large field modulation fac-
tors, 8 > 0.20, the heating rate reverts to the second-order
(8%) dependence characteristic of a sinusoidal perturbation,
but with an amplitude about 15 times that predicted by Eq.
(4), the highest possible heating rate for small sinusoidal
perturbations.

Vil. CONCLUSIONS

The above analysis shows that the plasma collisionality
plays an important role in the viability of collisional magnet-
ic pumping as a plasma heating method if sine wave or trian-
gular perturbing waveforms are used. It also confirms that
the heating rate is proportional to the square of the field
modulation factor & for these waveforms, when this modula-
tion factor is much less than unity. This was predicted ana-
Iytically for the sinusoidal waveform.' " To achieve the best
heating performance in these cases, operation at an optimum
collisionality is required. The optimum collisionality param-
eter, v, T, is 47/3 for both the sinusoidal and triangular
waveforms. Away from this maximum, the energy increase
rate falls off rapidly, leading to lower heating performance.
The triangular waveform appears not to heat as well as the
sinusoidal waveform by a factor of 5 or more, as indicated by
a comparison of Figs. 6 and 15.
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The computational analysis shows that the energy in-
crease rate is indeed independent of the collisionality param-
eter when a sawtooth perturbation is applied. It also con-
firms that first-order heating is achievable for small values of
the field modulation factor, less than 0.20. The energy n-
crease rate in this case is many orders of magnitude larger
than the one obtained when a sinusoidal perturbation is
used. Experimental implementation of heating with the saw-
toothed waveform is described elsewhere.”™”
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In this paper, a number of the methods of nonlinear dynamics are applied to the study of
electrostatic turbulence in a magnetized, steady-state, partially ionized plasma. Electrostatic
potential fluctuations were obtained by using a capacitative probe. These signals were
captured, digitized, and recorded with a LeCroy transient recorder system interfaced to an
IBM-AT personal computer. A commercially available software program was used to calculate
power spectra, to reconstruct and plot phase portraits, take Poincaré sections, compute
correlation dimensions and Lyapunov exponents, and to perform other manipulations of the
time series of electrostatic potential fluctuations obtained from the plasma. Evidence of low-
dimensional chaos was sought, and trends were investigated which related the state of the
turbulence to such plasma parameters as the anode voltage (rms electrostatic potential),
background gas pressure (collisionality ), and magnetic induction. These variables were found
to have a significant effect on the nonlinear dynamics of the plasma.

TRODUCTION

In the past 25 years, research in nonlinear dynamics has
rished, and new concepts have been developed to quanti-
1aotic behavior. Many of these concepts had their origin
ie work of Edward Lorenz, a meteorologist interested in
behavior of a simplified set of equations which model
rection in the atmosphere.' Since then these concepts
: been applied to fluid flow,” chemical reactions,’ the
ading of diseases,* and biological rhythms.’
The purpose of this research is to apply the various tools
>nlinear dynamics to electrostatic potential fluctuations
sured in a steady-state, magnetized plasma in order to
for evidence of low-dimensional chaos, and to look for
ds in the parameters which describe the state of the tur-
nce. Chaos-related concepts which were used in this
y were reconstructed phase portraits, Poincare sections,
elation dimensions, and Lyapunov exponents.
There are several reasons why these concepts are useful
ie study plasma turbulence. In plasmas, turbulence im-
quasirandom fluctuations of the electric field and parti-
umber densities. The issue of turbulence is important in
usion community. It is generally suspected that turbu-
¢ is the cause of anomalous particle and energy losses
are an important obstacle to the success of the tokamak
inement concept. These transport losses across the con-
g magnetic-field lines are much higher than that pre-
:d by neoclassical transport theory. It is the usual as-
ption that turbulence consists of infinitely many degrees
tedom, each corresponding to an independent oscillator.
n determining the effects of turbulence on particle or
gy transport in plasma, it is important to know whether
a few frequency components dominate or if there is

sent Affiliation: General Dynamics, Inc., Fort Worth, Texas.
sent Affiliation: Department of Applied Mathematics, University of
shington, Seattle, Washington.
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actually an infinite number of them. This is a principal moti-
vation to look for chaotic behavior in a plasma.

The remainder of this paper is organized as follows: Sec-
tion II reviews some concepts of nonlinear dynamics which
we have found useful in describing our data. Section III de-
scribes prior literature on the application of nonlinear dy-
namics to plasma experiments, Sec. IV the experimental ap-
paratus, and Sec. V the application of the concepts of Sec. 11
to a characteristic plasma signal. Section VI describes the
effects of varying the plasma parameters on the nonlinear
dynamical characteristics of the plasma. Finally, we draw
some conclusions from our studies, and make recommenda-
tions for further work.

ll. CONCEPTS OF NONLINEAR DYNAMICS

In characterizing our experimental data, we have found
the following concepts from nonlinear dynamics to be use-
ful.

A. Phase space

The dynamics of a system may be represented most con-
veniently in a phase space or state space of its dependent
variables. The state of the system at any particular instant
may be represented as a point in this multidimensional
space, and the time evolution of the system appears as an
orbit or trajectory in the space. For simple mechanical sys-
tems, the dependent variables are often the position and ve-
locity for each degree of freedom. If the simple mechanical
system is dissipative, orbits typically tend toward some sort
of simple attractor (e.g., equilibria, limit cycles, etc.) or
strange attractor.

The use of a phase space presupposes that one can actu-
ally measure all of the dependent variables simultaneously.
This is, in fact, seldom the case for real experimental sys-
tems. Indeed, an experimentalist working with a complex

© 1990 American Institute of Physics
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system may not even know the nature of all the dependent
variables. Fortunately, Packard er al.® suggested and Ta-
kens’ has shown that one can reconstruct certain important
dynamical properties of the true attractor from the time se-
ries of a single dependent variable. The method of recon-
struction is straightforward; given the time series for a single
dependent variable X(¢), an embedding dimension m, and a
time delay r, one constructs a time series of vectors [ X(¢),
Xt +7), Xt +27),... X(t + (m -~ 1)7]. If the true at-
tractor is contained in a d-dimensional manifold, the choice
of an embedding dimension m>2d + 1 will, for almost every
choice of coordinate and time delay, yield an embedding of
the original manifold. The resulting reconstructed attractor
may not look exactly like the original, but it will, neverthe-
less, share the same fractal dimension and Lyapunov expo-
nents.

B. Poincaré sections

The idea of reducing a continuous time system (or flow
in phase space) to a discrete time system (or map) of lower
dimension first appeared in Poincaré’s" study of the three-
body probler: of celestial mechanics. Any such discrete time
system of reduced dimension is, as a result, almost invariably
referred to as a Poincaré map. The usual strategy in con-
structing a Poincaré map is to take a cross section or Poin-
caré section of an orbit in a phase space. In three dimensions,
one takes a plane of suitable orientation (transverse to the
flow) and looks at only those points where the orbit hits the
plane. The Poincaré section is the plane and the points of
intersection; the Poincaré map is the rule that takes one from
one point of intersection to the next.

C. Correlation dimension

Physicists have recently become interested in fractal di-
mensions as a means of characterizing dynamical systems,
(see Farmer, Ott, and Yorke®). An early attempt to estimate
one such fractal dimension, capacity, by box counting was
confounded by slowly converging sequences obtained at
high computational cost, prompting investigators such as
Greenside er al.'® to characterize box counting as impracti-
cal. Correlation dimension was subsequently introduced by
Grassberger and Procaccia'' as a lower bound on capacity,
and has since gained wide acceptance.

The correlation dimension is, in effect, a scaling expo-
nent that describes how the number of points in an m-dimen-
sional sphere changes with the radius of the sphere. One gets
a handle on this scaling exponent via a correlation integral.
Consider, for example, the set of points on an attractor. If the
system is chaotic, sensitive dependence on initial conditions
will guarantee that points far apart in time will be spatially
uncorrelated. Points close together in time will, in turn,
show spatial correlation. The correlation integral is defined
asl |

N

. 1 S
C(r)y = lim —— H(r— x, — , (1
(r) = lim NA—T) z; ,; (r—ix, —x,1), ()

where C(r) is a measure of this spatial correlation. The pa-
rameter N is the total number of points, and H is the Heavi-
side function, which is defined as H(x) = 1 for positive x
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and H(x) = 0 for x less than or equal to zero.

Obviously, C(r) increases from zero, for very small val-
ues of 7, 1o one, for very large . The main argument by
Grassberger and Procaccia'’ is that for small »

Cry~r. (2)

If this is true, the correlation dimension is defined as

v=1hm (log C(r)/logr). (3)
r-0

D. Lyapunov exponents

Chaotic systems exhibit a sensitive dependence on ini-
tial conditions; trajectories that are initially close together
separate exponentially fast. For this reason, Lyapunov expo
nents play an important role in the study of chaotic systems.
Roughly speaking, Lyapunov exponents characterize the
mean rate of convergence or divergence of trajectories that
neighbor a given trajectory or attractor. The plural is used
because there is a spectrum of Lyapunov exponents, each
exponent characterizing orbital divergence in a particular
direction. For example, let x, be the distance between two
starting points. A short period of time later the distance will
be

x(1) = xe", (4)

where 4 is the Lyapunov exponent. One can imagine begin-
ning with an infinitesimal 7 sphere centered on some point
of an attractor. Under the flow of the dynamical system, the
sphere is transformed into an m ellipsoid. Each Lyapunov
exponent defines the rate of growth or decay of an axis of the
ellipsoid.'? An attractor with a positive Lyapunov exponent
is chaotic. There is a close relationship between the Lya-
punov exponents of an attractor and its dimension. '

lil. PREVIOUS APPLICATIONS OF NONLINEAR
DYNAMICS TO PLASMA EXPERIMENTS

Since the development of nonlinear dynamics, most ap-
plications have been in the field of fluid dynamics, particu-
larly fluid turbulence. Since fluid and plasma turbulence are
strongly related, it was just a matter of time before the con-
cepts of nonlinear dynamics were utilized by plasma re-
searchers. Around 1980 publications on this subject began to
appear. The first articles reported on the study of sets of
differential equations.'**

By the mid 1980s researchers began looking for experi-
mental evidence of deterministic chaos in plasmas. Held and
Jeffries™* produced interesting results from their experiment
on electron-hole plasmas generated in steady-state electric
and magnetic fields in germanium crystals. A second experi-
ment performed on a solid-state plasma was conducted by
Martin, Leber, and Martienssen.?* They studied the electri-
cal conduction characteristics of barium sodium niobate
(Ba,NaNb.O,s ) crystals.

The nonlinear behavior of electron beam oscillations
has been studied by Boswell.>® Braun er al. conducted ex-
periments on a variety of electrical discharge tubes.?® I and
Wu have attempted to compute the correlation dimension
for density fluctuations of an rf-generated plasma.?” Chaotic
behavior has been observed in a pulsed plasma discharge by

Stafford, Kot, and Roth

A-39

| g ]




g and Wong.?® This experiment was performed on a
inmagnetized plasma device. Cheung, Donovan, and
also reported observing chaos in a steady-state plasma
ge.™

the past several years researchers have applied the
1 of correlation dimension to some of the major toka-
(periments. A few of these appear to exhibit low-di-
mnal chaos, while others do not. Arter and Edwards
ned a study on the Divertor and Injection Tokamak
ment's (DITE) Mirnov oscillations.* In this experi-
magnetic-field fluctuations were observed with eight
v coils. These were equally spaced in poloidal angle
'he tokamak. Their data resulted in a correlation di-
m of approximately 2.1. Low-frequency magnetic-
Ictuations were measured on the TOSCA device by
tal.’' This study yielded a correlation dimension of
imately 2.4. Cote et al. also examined the Joint Euro-
orus' (JET) MHD activity. These data were acquired
ickup coils located inside the vacuum vessel. For co-
modes, the correlation dimension fell between 2.4 and
wley, Simm, and Pochelon studied the broadband
tic and density fluctuations in the Tokamak Chauf-
iven (TCA) plasma.'? Data were obtained with mag-
wobes and a CO, laser phase contrast diagnostic.
discharges were analyzed, but no saturation in slope
served. Zweben et al. examined edge turbulence in the
iak Fusion Test Reactor (TFTR).* They attempted
ipute the correlation dimension from floating poten-
ctuations. Their results were unclear because of an
iently large scaling region. A CO, laser scattering

technique was employed by Barkley et al. to measure density
fluctuations on Tokamak Fontenay-aux-Roses (TFR) plas-
mas.”* This experiment produced interesting results. The
correlation dimension was obtained, and was shown to de-
pend upon the wave number of the measured signal. The
dimension was 2.6 and 3.2 for wave numbers of ¢ and 18
cm ', respectively.

The characteristic experiment described above consist-
ed of exhaustively analyzing data from a single or a very few
experimental runs. Almost no information is available on the
functional dependence of the nonlinear dynamical charac-
teristics of plasma on such parameters as collisionality, elec-
tric field strength, magnetic induction, number densities,
etc. This investigation therefore is devoted to investigating
the functional dependence of these characteristics on the
plasma parameters.

IV. EXPERIMENTAL APPARATUS AND DATA
HANDLING SYSTEM

The experimental data for this study were obtained on a
Penning discharge plasma. The conventional Penning dis-
charge was developed by F. M. Penning in the late 1930’s.**
The original design was modified by Roth in such a way that
a Penning discharge could be used to generate « large vol-
ume, steady-state plasma in a magnetic mirror field." This
configuration is called a “modified Penning discharge,” and
has been used in plasma physics research to produce highly
turbulent, hot ion plasmas.

The vacuum vessel of the Penning discharge used in this
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FIG. 2. Normalized axial magnetic field.

experiment is a cylindrical section of 15-cm Pyrex pipe. As
shown in Fig. 1, the vessel is surrounded by confining mag-
netic-field coils. The sixteen water-cooled coils are arranged
to produce a magnetic mirror. The normalized axial magnet-
ic field is shown in Fig. 2. The region of constant field
strength is approximately 95 c¢m in axial length. The mirror
ratio, B,,,,/B,,... 1s about 0.77. The maximum field at the
midplane is approximately 0.2 T.

The gas to be ionized is fed into the system through a
leak valve located at one end of the vacuum vessel. Helium
was used for all data runs in this experiment. The vacuum
pump is at the other end of the vessel. This consists of a
mechanical pump in series with a turbomolecular pump.
Pressure is monitored by two ion gauges, one at each end of
the experimental volume. The base pressure of the system is
approximately 5 uT. Also installed in the system is a mass
spectrometer, which is used to monitor the composition of
the gas inside the vacuum vessel.

A Penning discharge employs an anode ring and two
cathodes. The anode is situated at the midplane with the
cathodes placed at each end. The anode consists of a ring of
copper tubing which is water cooled. The cathodes are
grounded, water-cooled circular tungsten disks. The back-
ground gas is ionized by applying a dc voltage to the anode,
thus trapping electrons bound to magnetic field lines in an
axial electrostatic potential well. The electrons remain
trapped in this potential well until they ionize the neutral
background gas. This process cascades until the electron
production and loss processes are in balance. The applied
voltage is generally a few kilovolts, with the current being
several tens to several hundreds of milliamperes. The anode
supply can provide up to 40 kV and 1 A.

The arrangement of the Penning discharge allows easy
access to the plasma for diagnostics. Diagnostics that have
been applied previously to characterize this plasma include
capacitive probes, Langmuir probes, a retarding potential
energy analyzer, a microwave scattering system, a micro-
wave interferometer, and microwave equipment used to
study electron cyclotron resonance absorption. Instruments
used in this investigation include a radial capacitive probe
and a radial Langmuir probe. This Penning discharge pro-
duces a steady-state, weakly ionized plasma. The electron
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number density measured with a Langmuir probe is charac-
teristically 2.5 10° cm ~ *. The electron kinetic tempera-
ture tends 10 range between 40 and 100 eV, while the ion
kinetic temperature is an order of magnitude or more higher.

A Penning discharge plasma tends to be quite turbulent.
This is because a variety of instabilities are active. These
instabilities can be excited by density gradients, temperature
zradients, and E X B drift waves.’ For this experiment, it
was desired to drive a coherent £ X B drift mode in the plas-
ma. This was accomplished with two major modifications to
the classical Penning discharge arrangement. As illustrated
in Fig. 1, a long cylindrical anode is used in place of an anode
ring. A coaxial cathode is used along with two cathode
plates. This arrangement produces a radial electric field
which is independent of distance along the axis of the anode
region. Thisradial electric field createsan E X B drift wave at
the outer edge of the plasma. By observing a radial profile of
the potential fluctuations, it was determined that the £ X B
mode was of significant amplitude only at the plasma edge.
Also, the frequency of this mode was seen to depend inverse-
ly upon the magnetic-field strength and to be directly pro-
portional to the anode voltage.™

A block diagram of the data acquisition and handling
system is shown in Figure 3. The first element of the system
is a capacitive probe. The probe is constructed of semirigid
coaxial cable. The outer conductor and insulation has been
removed and a small sphere soldered to the tip to allow the
center conductor to pick up the potential fluctuations. The
signal detected by the capacitive probe is fed into a Tektronix
1121 amplifier. The signal is then band-pass filtered through
the use of two Krohn-Hite 3200 filters. The high pass filter is
set at 1.0 kHz in order to remove any 60-Hz line noise. The
low pass filter is set at 1 MHz to avoid aliasing effects.

The filtered signal is digitized by a LeCroy 8210 wave-
form analyzer. This analog-to-digital converter can process
up to four signals simultaneously. The maximum sampling
rate is 1| MHz for each channel and the data have ten bits of
resolution. The transient recorder is housed in a LeCroy
8013A CAMAC benchtop mainframe, which is controlled
with an IBM-AT personal computer. Once the fluctuaticns
were digitized and stored on the hard disk drive, they were
then processed using a commercial software package. This
package is entitled *“Dynamical Software” and is available
from Dynamical Systems, Inc.*

V. CHARACTERISTIC PLASMA SIGNAL

The time history of a relatively coherent plasma signal is
shown in Fig. 4. One can easily see that the signal contains a
dominant frequency, and there also appears to be evidence of
a beat frequency. Though the lower frequency contains very
little power, both can be observed in the signal’s auto power
spectrum, which is shown in Fig. 5. The reconstructed phase
portrait is shown in Fig. 6. Upon first observation, the attrac-
tor appears possibly to be chaotic; but after taking a Poincaré
section, shown in Fig. 7, this does not appear to be the case.

The next step is to estimate the correlation dimension of
the signal. Fig. 8 shows the correlation integral plots. Cer-
tain features of these plots should be discussed. First, there
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are the *‘stair steps” that appear at small scale sizes. These
are due to the discrete intervals in the data which result from
the digitizing process. This effect also appears in the deriva-
tive plots. At the small-scale sizes the derivative values
bounce up and down. This is a result of the “stair steps” in
conjunction with the differencing method used to calculate
the derivatives.

Another feature of the correlation integral plots is the
distinct knee that appears in midrange for higher embedding
limensions. This effect has been observed in other data, and
s said to be due to spurious correlations.*® These spurious
correlations greatly restrict the extent of the scaling region.
This problem can be avoided by using many more than our
2000 data points. Unfortunately, this is impractical because
of the required computation time; especially when using a
personal computer such as ours for processing. For this rea-
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FIG. 4. Time history of plasma fluctuation signal
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son, only 2000 data points were used throughout this study.
According to Smith, 2000 points should be sufficient to ac-
curately estimate correlation dimensions less than three.*!
One other characteristic of these curves that should be
mentioned is related to the dynamical noise of the system.
Noisy data create two separate regions in the correlation
integral plots.*> At scale sizes below the noise level, the noise
dominates and the slope increases with embedding dimen-
sion. Above the noise level, low-dimensional behavior will
emerge, if it exists. This effect can be seen in Fig. 8, especially
in the derivative plot. At most scale sizes the noise domi-
nates, but there is a narrow region where the slope appears to
saturate. Between the noise and the outer bounds of the at-
tractor itself, the scaling region is very limited. The only

0.0

Log Normalised Spectrsl Density

-8.0

[ X)) 168.8
Frequancy (kHs)

FIG. 5. Fourier power spectrum associated with the signal in Fig. 4.
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FIG. 6. Reconstructed phase portrait of the plasma signal in Fig. 4.

available scaling region in this case yields a correlation di-
mension of approximately 1.9.

Attempts were also made to estimate the largest Lya-
punov exponent of this signal. Unfortunately, the standard
method of measuring the Lyapunov exponents from a single
time series is not suitable for noisy data.

VI. EFFECTS OF VARYING PLASMA PARAMETERS

This section consists of data for which plasma param-
eters were changed in order to study their effects on the state
of the plasma turbulence. Three sets of data ere examined,
each describing the functional dependence of a different
variable. The three plasma parameters were the gas pressure,
anode voltage, and magnetic-field strength.

A. Variation of gas pressure

For this set of data, the helium gas pressure was varied
from 260 to 1670 uT in five increments. The variation of the
electron number density, electron kinetic temperature, and
plasma floating potential measured with a Langmuir probe

FI1G. 7. Poincaré section taken from the attractor in Fig. 6.
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FIG. 8. Correlation integral plots for the plasma signal in Fig. 4

for the different runs is shown in Fig. 9. The effects of the
pressure on the power spectra of the fluctuations can be seen
in Fig. 10. For the first four runs, the signal is quite coherent
and the peak frequency is 25 to 30 dBm above the noise floor.
Once the pressure reaches 1200 1T, the signal strength drops
considerably.

The reconstructed phase portraits, all with the same axis
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FIG. 9. Variation of plasma parameters with helium gas pressure. The pa-
rameters are as follows: —, pressure; - -, electron kinetic temperature;
- - - -; floating potential; and - - - -, electron number density.
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TABLE 1. Correlation dimension for varying gas pressure.

Run number Pressure (uTorr) Dimension
1 257 25
2 321 22
3 395 2.0
4 548 1.95
N 1214 N.C.
6 1667 N.C.

scales, are shown in Fig. 11. Their features corroborate the
power spectra. The signal starts out fairly coherent and re-
mains so until the fifth run. The drop in amplitude of the
power spectrum corresponds to the decrease in size of the
attractor. By the time the pressure reaches its highest value,
the motion has become considerably less coherent. The cor-
relation dimension was estimated for each run. The first four
runs showed evidence of a narrow scaling region where a
dimension could be inferred, as well as a region where the
noise dominated. By Run 5, the scaling region began to dis-
appear, and by Run 6, the slope was steadily increasing with
embedding dimension, which implies that the fluctuations
had become totally random. Table I lists the correlation di-
mensions that were obtained for each run. These values are
plotted as a function of pressure in Fig. 12.

B. Variation of anode voltage

For the second set of data, the voltage applied to the
anode was varied. This voltage controls the dc radial electric
field acting on the plasma. The variation of plasma param-
eters measured with a Langmuir probe is plotted for the dif-
ferent run conditions in Fig. 13. Figure 14 shows the effect of
the anode voltage on the Fourier power spectra. The peak
frequency is originally about 15 dBm above the noise floor.

26

24}
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20+t -L

L | N 1 N
300 400 500 600
PRESSURE (utorr)

FIG. 12. Plot of correlation dimension as a function of helium gas pressure.
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FIG. 13. Variation of plasma parameters with anode voltage. The param-
eters are as follows: —, anode voltage; - - -, electron kinetic temperature;
- - - -, floating potential; and -------, electron number density.

After increasing the applied voltage by a factor of 2, the peak
frequency is approximately 25 dBm above the noise. The
power spectra show a steady increase in frequency and am-
plitude as the anode voltage is increased.

Figure 15 shows the reconstructed phase portrait for
each run, with all of them drawn to the same axis scale. The
principal difference is that the size of the attractor increases
with anode voltage. This is explained by the increasing am-
plitude of the fiuctuations with voltage. Also, the phase por-
traits become slightly more coherent as the voltage is in-
creased.

Again, the correlation dimension was computed for
each run. By closely observing the correlation integral and
derivative graphs, it is evident that the plots for each run
exhibit two distinct regions. Similar to the previous cases,
there exists a very small scaling region in which the dimen-
sion could be determined. Table II lists the values for each
run. They are also plotted as a function of the anode voltage
in Fig. 16.

C. Variation of magnetic field

The control parameter for the third set of data was the
magnetic field strength, which was varied over a range of
0.034-0.182 T. The plasma parameters measured with a
Langmuir probe are plotted in Fig. 17. Figure 18 shows the
effect of the magnetic-field strength on the fluctuations’
power spectra. For B = 0.034 T, there is a small peak in the
spectrum. This peak becomes much more prominent for the
next two runs, but is then damped somewhat when the mag-
netic field is increased to 0.084 T. As the field is increased
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TABL:  Correlation dimension for varying anode voltage.
Run. er Anode voltage (V) Dimension
§ 580 2.14
2 810 2.05
3 920 1.96
4 1010 1.68
5 1090 1.86
6 1140 2.20

further, the relative signal strength of the peak continues to
decrease.

The reconstructed phase portraits are shown in Fig. 19.
The first run exhibits a slight hint of periodicity. The trajec-
tory becomes much more coherent over the next two runs,
but this is lost as the magnetic field is increased further. By
Run 6, the trajectory is filling up a volume in phase space,
which is characteristic of random signals. All of these obser-
vations are consistent with what was learned from the power
spectra.

When correlation dimensions were computed, conver-
gence was seen only for Run 3. For this case, the correlation
integral and derivative curves exhibited two distinct regions,
and once again the correlation dimension was found to be
approximately 2.0. In all of the other runs of this set, the
slope continued to increase with embedding dimension, im-
plying that the fluctuations were random.

Vil. CONCLUSIONS

In this research, it was possible to observe two states of
plasma turbulence, one quasiperiodic and one random. The
transition between the two states is not well defined or sud-
den. It was also found that the neutral gas pressure, closely
related to electron collisionality in this plasma, and the mag-
netic induction have a strong effect on the nature of the tur-
bulence, while the anode voltage appears to affect only the
amplitude of the turbulence. For lower pressures, the fluctu-
ations were relatively coherent, but for pressures above a

F3 Z.ZL
o
2 |
w
=
020+
-
=4
’_ -
<
o |
¥ 18}
&
T
1.6
— 1 " 1 n 1

. L
600 800 1000 1200
ANODE VOLTAGE (V)

FIG. 16. Plot of correlation dimension as a function of anode voltage.
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FIG. 17. Variation of plasma parameters with magnetic-field strength. The
parameters are as follows: —, magnetic field strength; - - - -, electron kinetic
temperature; - - - -, floating potential; and -*-----, electron number density.

millitorr they become random. The magnetic-field strength
yielded coherent oscillations only for small and midrange
values; perhaps surprisingly, the fluctuation amplitudes be-
came smaller and more random as the magnetic induction
was increased above 0.1 T.

In those cases in which the correlation dimension could
be obtained, it was found to be approximately 2.0. This im-
plies that another oscillation besides the £ /B driftis present.
The dynamical noise was sufficiently large in our experi-
ments that accurately measuring the correlation dimension
was difficult, and it was practically impossible to measure
the largest Lyapunov exponent.

For future research along these lines, it became appar-
ent that more than 2000 data samples (possibly 8000 or
more) are needed to accurately determine the correlation
dimension of our plasma data, and this will require the much
higher speed of a mainframe computer.

It also would be interesting to induce another oscillation
into the system. This could be accomplished by periodically
varying either the applied electric or magnetic fields. The
electric field would be the most likely candidate, since it can
be varied rather easily. This has been done previously in our
laboratory by applying a high-voltage rf signal to an effector
probe.*
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ABSORPTION AND REFLECTION OF MICROWAVES
BY A NON-UNIFORM PLASMA NEAR THE
ELECTRON CYCLOTRON FREQUENCY*

M. Laroussi, C. Liu, and J. R. Roth
Plasma Science Laboratory
University of Tennessee, Knoxville, TN 37996-2100

ABSTRACT

In this paper, we report experimental measurements and numerical computations
on the absorption and reflection of microwave radiation near the electron cyclotron
frequency. In our model the wave is launched in the extraordinary mode into a cold,
steady state, weakly ionized, nonuniform two-dimensional plasma slab with a uniform
background magnetic ficld parallel to the surface. We compare computational and
experimentally measured values of the absorption and reflection for selected values of the
plasma number density, and collision frequency. These parametric dependences are

investigated for normal incidence by computer simulations using cold plasma thv.:oryl'2

and compared with recent experimental measurements2 made at normal incidence on a
plasma generated by a classical Penning discharge.

INTRODUCTION

We have recently taken experimental measurements on the attenuation of
microwaves by a magnetized cylindrical plasma column. The wave is launched at normal
incidence in the extraordinary mode. The plasma through which the wave travels is a
cylindrical column with a uniform axial magnetic field, generated by a classical Penning

discharge3. The attenuation of the wave is measured by an S-parameter test set of an HP
8510 network analyzer. A computer simulation program is used to computationally
calculate the attenuation, absorption, and reflection for the same experimental plasma
conditions under which the attenuation measurements are taken. A detailed description of

this program is published elsewhere. This program is based on cold plasma theoryl.
The plasma is modeled as a series of uniform plasma slabs. The wave is partly absorbed
and partly reflected at each slab boundary. The simulation results are then compared to
the experimental measurements. The plasma conditions are changed from one run to the
other so as to cover a wide variations of number density and collision frequency.

DISCUSSION

The Classical Penning discharge on which the experimental measurements are
taken is shown in Fig. 1.

*Work supported by contract AFOSR 89-0319
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Fig. 1 Classical Penning discharge.

The launching and receiving horns are placed across the plasma diameter. Fig. 2 shows
such a configuration, with the network analyzer measuring the transmission coefficient
S7 for a particular range of frequency.

TRANSMITTING RECEIVING
HORN HORN

PLASMA

NETWORK
ANALYZER

S -PARAMETER
Q TEST SET

Fig. 2 Experimental setup for attention measurement.

The wave attenuation occurs near the electron cyclotron fmquencyl'z, Wcy. For this

reason, the swept frequency range is chosen to be few hundreds of MHz below and
above wcy. Table I shows the three different plasma conditions under which the
experimental attenuation measurements are taken.

A-51




Table I Experimental plasma conditions

Units PCL~11 PCL~12 PCL~-14
He Gas Pressure  MTorr k4] 8s 110
Anode Voltage KV 1.4%5 1.% 1.08
Anode Current A 26.1 47.0 14.7
Magnetic Field Tesla 0.129 0.128 0.13
Electron Gyrofr. GHz 3.63 3.6 3.655%
Collision Freq. MHE 20 30 15

a— e —————————
—_———

The plasma conditions are chosen so as to have different number density and collision
Pfr&qi;ncy from one experimental run to the other. The experimental runs are labeled

Fig.3 shows the radial profiles of the number density, electron kinetic temperature
and plasma potential for experimental run PCL 11. These profiles are measured by a
radially inserted Langmuir probe. The zero on the x-axis represents the center of the
plasma and the six is the edge of the plasma located at 6 cm from the center. We assume
that these profiles are symmetric with respect to the plasma axis.
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Fig. 3 Radial profiles of the number density, electron temperature,and plasma potential
for an PCL 11.
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The measured density profile is then inserted in the computer simulation and the
corresponding attenuanon is computed and compared to the experimentally measured one.
Fig. 4 shows the number density radial profile used in the simulation. Fig. 5 shows the
measured and computed attenuation versus frequency curves. A relatively good
agreement between the two curves is noted.
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Fig. 4 Radial number density profile used in computation.
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Fig. 5 Attenuation vs. frequency for run PCL 11
(a) experimental, (b) computational

Fig. 6 shows the absorption, Ap(®), and reflection, R(w), versus frequency curves.
Ap(w) and R(w) are the ratios of the total absorbed power and the total reflected power by

the incident power. These curves are computational results. It can be noted that the peak
absorbed power is about 80% of the incident power. The peak reflected power is a little
over 10% of the incident power.
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Fig. 6 Absorption (1) and reflection (2) vs. frequency for run PCL 11.

Fig. 7 through Fig. 10, and Fig. 11 through Fig. 14 show respectively the results for
runs PCL 12 and PCL 14. One can clearly notice that for the case of run PCL 12, where
the number density and the collision frequency are high, we get more attenuation and a
higher peak of the absorption curve than for the other two runs. On the other hand, run
PCL 14 which has the lowest number density and collision frequency, displays a smaller
attenuation and a lower peak of the absorption curve than for the other runs. This leads to
the conclusion that the attenuation and absorption of microwaves by a plasma are directly
dependent on the plasma number density and the plasma collisionality. The higher the
number density the more the attenuation, and the higher the collision frequency the more
the absorption. The reflection is also dependent on these plasma parameters. One can
note that the R(w) curve is broader for higher collision frequencies.
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CONCLUSION

A study of the attenuation, absorption, and reflection of microwaves by a plasma
has been presented. The attenuation is both measured experimentally and calculated
computationally. A good agreement is obtained. The absorption and reflection are
calculated computationally. It is found that the plasma number density and the collision
frequency have a direct effect on the amount of absorbed and reflected power, and thus on
the total power attenuation. Although the above study is a preliminary one it gives a good
insight on the effects of the plasma properties on the propagation of microwaves through
a magnetized plasma.
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Abstract

In monostatic radar applications it is the signal back to the source
that is responsible for target detection. The back-scattering cross-section
allows one to calculate the amount of power reflected back in the
direction of incidence. In this paper, we develop theoretically and
calculate computationally the back-scattering cross-section of a
cylindrical column of magnetized plasma with a uniform number density.
The effect of the plasma number density and of the collision frequency

are investigated.
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I. Introduction

In this paper, we calculate theoretically and computationally the
back-scattering cross-section of a uniform cylindrical plasma column
with a background uniform axial magnetic field. An electromagnetic
wave in the microwave range is assumed to be incident on the plasma
column with an arbitrary angle of incidence. The wavelength of the
wave is assumed to be comparable to the plasma diameter. The plasma
is modeled as a lossy dielectric [1]. The wave is partly refracted inside

the plasma and partly scattered at different angles of reflection (See Fig.

1) BACK - SCATTERED
’ WAVE
INCIDENT WAVE SCATTERED
WAVE

y PLASMA

REFRACTED
WAVE

Fig. 1. Incident wave scattered by a lossy cylindrical plasma column.




Back-Scattering Cross-Section

It is the wave reflected back in the direction of incidence that is of
interest. The back-scattering cross-section is a measure of how much
power is reflected back to the source [2]-[5]). An investigation on the
effects of plasma parameters on the back-scattering cross-section is
presented. This discussion is based on a computer simulation in which
the dielectric constant of the plasma is calculated from cold plasma theory
[6}-7], and parametric variations can be entered independently. The
simulation results are presented in the form of plots of the back-

scattering cross-section versus the wave frequency.
II. Back-Scattering Cross-Section

In monostatic radar detection applications, it is the signal back to
the source that determines the detectability of a target. For this reason,
the back-scattering cross-section, O(w), is of practical interest. The
back-scattering cross-section is defined as the ratio of the scattered

power per unit length, Py, at an angle ¢ = nt with respect to the incident

direction of propagation, divided by the scalar magnitude of the incident

poynting vector, S;, at the location of the scatterer [2]-[4].

Ps(¢ = m)

o) =
() s;

0y

This section presents the calculation of the back-scattering cross-
section of a cylindrical plasma which has a uniform number density and

a uniform axial magnetic field. The diclectric constant, €1, for a wave of
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frequency w propagating through a magnetized plasma at an angle 6 with
respect to the background magnetic field is given by (6]

2
2
b3 [0)]
Er‘l-r 1r 1172
2 4
v gz-sin2 ) %sin‘i 0 Q2
1-j—-—2 | @ +—ocosze
) mz (02 (.02
p .V p .V
A1-—2-i=|| |41-5-i=
w o k (0] o
(2)

where Op, Q, and v are respectively the plasma frequency, the

gyrofrequency, and the collision frequency. The - sign is for right

handed polarization and the + sign is for a left handed polarization. €y is

also expressed as
~ . ©
€& = € - ) s 3
WEqy
where G is the plasma conductivity, given by
2
g = ——-—n ¢ . (4)
mv

The parameters n, ¢ and m are respectively the number density, the
electron charge, and the electron mass. For a collisional plasma with

number densities ranging from 1014 m-3 10 1017 m-3 the conductivity

I----------
! ,




Back-Scattering Cross-Section

ranges from few mho/m to few tens of mho/m. The plasma in this case
can be considered as a lossy medium.

The electric field of a sinusoidal plane wave incident on a
cylindrical plasma column and traveling in the x-direction (see Fig. 1), is

expressed as

Ei = Eg exp(j(kix — @1), (5)

where k) is the wave number in free space. In cylindrical coordinates

¢JKIX can be expanded as

JKIX _ Y en (" In(kir)cos(ne). (6)
(o]

where

1 n=o0
€
"12 n >1
and Jy(k1r) is the Bessel function of the first kind and of order n. In

cylindrical coordinates the electric field of the incident wave is expressed

as

Ej = Eoe % ) e ()" Jn(kircos(nd) . %)
o]

Similarily, the electric field of the scattered wave is given by
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Eq = Ege® ZAnsn " HP (kr)cos(no), (8)
(o]

where Hgl )(kl) is the Hankel function of the first kind, representing a

wave propagating outward from the plasma column.

At the surface of the plasma the wave has to satisfy the
appropriate boundary conditions. The electric field on the outside of the
surface is the sum of the incident and the scattered fields. This is

expressed as

E=Ei+Es )

or

E =Eg e i@ Zen(j)"ln(klr)cos(n¢)+ 3 Anen ()" HO (k1) cos(ng)

o (o)

9

The electric field inside the plasma surface is the transmiited field,

expressed as

Ey = Eo /™ Y B en ()" Jn(karcos(ng), (10)
0

where k3 is the wave number in the plasma. At the plasma radius, r=a,

we have the following boundary conditions

A
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..il'+Es=E[

and

which leads to the following equations
Intkja) + AgH D (kja) = B, 1, (k2a),

and

. 0y .
ktJy(kia) + Agky HY (kga) = k2B J (kza)
Solving for the expression Ap, yields

A k2Jp(kja))_ (kja)~kj In(k2a)) (kja)
n = ; : .
kitntkoa)HY (kja) ~ k5 I tkaa)H D (k)

Thus the scattered wave field is given by

Eg = Eoe ™Y e0(j) A, H (ki) cos(no).
[¢]

The ratio of the scattered power by the incident power is given by
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2

L G S

S0) = =5 = | ¥ en ()" Ap HY (kincostno) . (14)
|Ei| o

For back-scattering we have ¢=n, which yields

- 2

s = | Y en )" Ag HO tkr) (<7 (15)
o

When r becomes large, as it is the case in radar applications, H;l )(klr)

can be approximated as
1/2
) 2 (( n n\)
H( kir) = | ——o ex kir—-n———1{| kir @ e
n (ki) (nklr) P RIr-nsmg K

Inserting into Equation (15) yields

2
2
S(n) = Z(-l)" en Ap| - (16)
o]

nkyr

The total back-scattered power is obtainec by integrating over the entire
plasma outer surface. Thus, the back-scattering cross-section is given

by




Back-Scattering Cross-Section

27
o) = Is(n)rdtb :
[0

which yields

2
=4 n
O = i Y D" eq Aq| a”n
o

where the coefficients A, are given by Equation (13). The wave

numbers kjand k7 are given by

ki

]

W
C

and
w =

Re represents the real part and € is the complex dielectric constant
III. Numerical Results

In the following calculations, the plasma is modeled as a
cylindrical lossy dielectric. These calculations are based on the results
presented in section II. The computer simulation program is structured
as shown in Fig. 2. First the plasma number density, the magnetic field

strength, the plasma radius, the effective collision frequency, the angle
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Owi)

Fig. 2. Block diagram showing the main steps in the calculation of
the back-scattering cross-section.




Back-Scattering Cross-Section

of propagation with respect to the magnetic field,and the wave frequency
range are entered. Next, the program calculates the dielectric constant of
the plasma column for each frequency step. Once this is done, the free
space and the plasma wave numbers are computed and the coefficients

Ap are deduced. Finally the backscattering cross-section is calculated

using Equation (17). Only the first ten terms in the summation are used.
This has been shown to be a good approximation3 for kja < 10.

The simulation results are presented as plots of the back-
scattering cross-section, O(®), versus frequency. Various plasma
conditions are achieved by changing the number density and the collision
frequency. The backscattering cross-section dependence on each
parameter is investigated by varying the value of that parametr - while
keeping the others constant. O(w) has the dimension of length since it is
the ratio of outward flowing power per unit length divided by the
incident power per unit area. This is also shown in Equation (17) where
k] has the dimension of inverse length. To find the back-scattered
power per unit length of the cylindrical plasma, one has to multiply O(w)
by the incident power per unit area. Figure 3 and Figure 4 show
respectively O(w) Vs. frequency for a center density of Ny = 1015 m-3
and 5 10}5 m"3, and for three values of the collision frequency v = 20
MHz, 10 MHz, and 5 MHz. One can note that the higher the number
denstiy the broader O(w) is, and the lower the collision frequency the

more numerous are the sharp peaks. This is further illustrated in figure 5
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Back-Scattering Cross-Section

which shows O(w) Vs. frequency for a collision frequency of v = 20
MHz and for three values of the center density Ng = 1019 m3 5%
1015 m*3 and 1016 m*3. This figure shows clearly that for increasing
number densities the back-scattering cross-section curve has more
structure and displays a broader range with an increasing number of
peaks. This result leads to the following conclusion: To keep the signal

reflected back to the source small, a low density but collisional plasma is
needed.

IV. Conclusion

monostatic radar applications. it gives a measure of how much power is
reflected back to the source. In this paper, we developed theoretically ”
the expression of the back-scattering cross-section of a magnetized
cylindrical plasma column, modeled as a lossy dielectric. The effects of
the plasma number density and the effective collision frequency have
been studied computationally. It is found that low density but highly

collisional plasma are low back-scatterers. The weakly ionized but

highly turbulent plasma generated by Penning dischar